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NOTATION 
A = Cross-sectional area of member 
A = Area of tensile steel 
s 
AI = Area of compressive steel 
s 
As t = Tota 1 area of long i tud ina I s tee 1 in co I umns 
D.. = Deformations of story i due tb loading j 
IJ 
d = effective depth of section 
d t = Total depth of a slab 
dbc,d tc = Bottom and top clear covers for slab steel 
d = Clear cover for column reinforcement 
cc 
e = Eccentricity of axial force 
E = Modulus of elasticity 
f = Extreme fiber compressive stress in concrete 
c 
f = Allowable stress in concrete 
ca 
f' = Compressive strength of concrete 
c 
f = Tensile steel stress 
s 
f' = Compressive steel stress 
s 
f = Allowable steel stress 
sa 
f = Yield strength of reinforcing steel y 
G = Shearing modulus 
H = Translation matrix from end B to end A of member 
I = Moment of Inertia of cro~s-section with respect to y-axis y 
'r = Moment of inertia of cross-section with respect to z-axis 
z 
J = Torsional constant for cross-section 
~I. 
K" = Stiffness matrix of member with respect to local axes 
m 
ix 
x 
_'.. ...f.. ...r... ..f.,. 
K~A,K;B,K~A,K~B = Stiffness submatrices of member with respect to 
local axes 
K 
m 
= Stiffness matrix of member with respect to global axes 
KAA'~B,KBA,KBB = Stiffness submatrices of member with respect to 
global axes 
k! . 
JJ 
k! 
Jg 
k. 
J 
K •. 
I I 
= Stiffness submatrix of joint j 
= Cross-stiffness submatrices between joint j and its 
neighboring joints 
= Cross-stiffness s~bmatrix between joint j and corresponding 
upper floor joint 
= Direct stiffnesses of substructures (floor stiffness 
matrices) 
K .. l' K. "+1 = Cross-st iffnesses between floor 
I , I - I , I 
and adj acen t f 1 oo'rs 
= Modified joint stiffness matrix 
= Length of member 
= Girder end moments 
= Midspan moment of girder 
M ,M 
x y = Bending moments of column about X and Y principal axes 
M 
r 
= Ultimate resisting moment of cross-section 
n = Number of stories 
P = Column axial force 
P .. 
IJ 
= Joint load vector of story due to load i ng j 
P. = Actions at joint j 
J 
Pb = Balanced load for a column 
Po = Load capacity of a column in pure axial compression 
P
u1t = Ultimate strength of a column 
p = Reinforcement ratio 
R = Column strength reduction factor 
r = Number of joints per floor 
xi 
"T = Rotation matrix from member to global coordinates 
t = Side dimension of a column 
-- ----- -X,-'t,Z------=-G-lobal---coo r-d-i nate-axes-
x,y,z = Local coordinate axes 
OJ 1"· .Oj6" = Displacements of joint j 
1.1 Object of Study 
CHAPTER 
INTRODUCTION 
The phenomenal impact and influence of electronic computers on 
present-day technology has already been felt in most areas of structural 
engineering. Numerous structural analysis ~nd design programs have been 
developed, including some large systems based on problem-oriented 
languages. However, due to the nature of most available computers, the 
vast majority of existing programs are geared to a batch processing 
environment. 
The presently emerging third generation computers, however, make 
many earl ier program I imitations unnecessary. Control, communication, and 
pro g r amm i n g fa c iIi tie s for d ire c t , i n t era c t i vema n - mac h i n e c omm un i cat ion 
are now being rapidly developed. In order to benefit fully from these 
developments, it is imperative that the poss ibi 1 ities, appl ication 
prog~amming requirements, and imp1 ications inherent in this new environ~ 
ment be investigated from the standpoint of their appl ication to structural 
engineering. It is, therefore, felt that the development of computer-
aided systems for the analysis, design and checking of structures in the 
1 ight of present and projected computer facil itiesis of great 
significance. 
The goal of this study is to investigate and develop a pilot 
system for this class of appl ications. 
1.2 Scope of Study 
The development of a completely general system for the analysis, 
design and checking of any type of structure is a subject much too large 
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for an individual study. On the other hand, it is not possible to con-
side r the p rog ramm,j ng and dec i sian-rna ki ng needs wi thou t i nvo 1 v i ng the 
layout, geometry, material properties, etc. of a specific class of 
structures. For this reason, the present study deals with only one type 
of structure. 
The type of structure selected for this study is a flat plate 
reinforced concrete building, consisting solely of floor panels of 
uniform depth and square tied columns of uniform cross-section. The 
geometry of the building is assumed to be regular, and the slabs are 
ideal ized as girders of one panel width each in order to ~acilitate 'an 
elastic frame analysis of the structure. The design of the slabs and 
columns is performed by means of' the working stress or ultimate strength 
design methods in accordance with the current ACI Code(l)* specifications~ 
Throughout the report, a distincti~n is being made between th~ 
terms "model" and "system". As used herei.n, the term model refers to 
the set of algorithms which perform specific structural calculations, 
whereas the term system refers to the combination of algorithms used to 
perform distinct analysis~ design and thecking tasks. 
It is recognized that in the total building process~the 
analytical and data-processing capabil ities of the model are used in two 
distinct ways: first, by the agency called the "designer". responsible 
for the creation of the structural configuration, and, secondly, by the 
agency c'al Jed the "checker" respons ible for ascertaining that the 
designer's product satisfies the legal requirements embodied in the 
-;'\ 
Numbers in parentheses refer to entries in List of References. 
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design specifications. The system described in this report not only 
al lows for both of these functions, but also provides for the efficient 
transmission of the necessary information from the designer to the 
checker. 
Although not specifically incorporated in the study, con-
sideration has also been given to the third agency involved in the 
building process, namely the contractor responsible for building the 
structure. The data describing the structure are in a form which can 
be efficiently used as input data to a contractor1s estimating, planning, 
and schedul ing programs, 
1.3 Computer-Aided Design 
The design of a structure is a complex problem, which cal Is 
for the judgment and decision-making capabil ities of a competent engineer 
throughout the design process. As opposed to purely computational 
processes, many of the decision-making problems encountered during the 
design of a structure are qual itative, rather than quantitative, in 
nature. 
The need for qual itative decisions during the design process 
renders it extremely harq,and probably futile as well, to attempt to 
automate completely the entire design of a structure. What is required 
is a much more flexible system, which allows for the engineer1s 
participation at all the decision-making stages in the process. Thus, 
for instance, the system must be designed such that it al lows the 
engineer to modify the input data or suggest a particular procedure after 
examining some intermediate results of the design process. Such a system 
is considered to be computer-aided rather than automated. 
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In the context of the present study, it is recognized that the 
designer deals with problems other than the analysis and member pro-
portioning of a fixed structural configuration. Simi larly, the checker 
must also consider factors other than the adequacy of the structural 
elemehts as defined by the specifications. However, by relegating these 
processes to the digital computer, the present system can serve as a 
valuable tool for both agencies. 
1.4 Organization of Report 
Chapter 2 describes the analysis and design model incorpo~ated 
into the computer-aided system developed in this study. The type of 
structure to which the model is appl icable is described first. Next, the 
alternative methods of analysis, and the types of loads and loading 
combinations incorporated in the model are out] ined. This is followed by 
a description of the member design procedures and the design aids 
included in the model. The appl ication of the model to the checking of 
a structure and evaluation of the material quantities are also discussed. 
Chapter 3 complements Chapter 2 and contains a detailed 
description of the mathematical procedures employed in the implementation 
of the model. 
Chapter 4 is devoted to an examination of numerical results 
obtained using the model,. A number of sample problems were considered, 
and the ,results provided by the alternative methods of analysis and 
design are tabulated and compared. 
In Chapter 5 the present organization of the system is 
described, and the various appl ications of the system are discussed. 
In Chapter 6, the appl ications of the system are illustrated by several 
examples, and the pertfnent results are presente~. 
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Chapter 7 contains conclusions reached during the development 
and testing of the model and the system. Several possible extensions 
of the present study are also suggested. 
CHAPTER. 2 
DESCRIPTION OF THE MODEL 
The analysis and design model consists of a set of algorithms 
.... gr::_I?LQc:.~_9Y.E~ .. ~ .... J~!h i~b ... -'=~ ~~JI!I;>J .... ~ ........... <;:.lQ.? e;Jy.tb~ .m~tbQg? nQrmC:'l1.1y_._~mp. LQy~~t.b_y_ .C:1 _ 
designer during the manual analysis and design of a "structure. The 
algorithms incorporated in the model attempt to formal ize the various 
alternatives and empirical relations routinely used by designers. This 
c hap t e r des c rib est h e mo del and its cap a b iIi tie s, w hie h inc Iud e a n a 1 y sis, 
design, checking and quant;"ty take-off. The available alternative methods 
of analysis, acceptable types of loads, and member design" methods are 
outl ined. A detailed description of the mathematical procedures employed 
in the implementation of the model is deferred until the following 
chapter. 
2. 1 Choice of Structure 
The model developed in this study is appl icable to the analysis 
and ~esign of flat plate reinforced concrete buildings. The structure 
is assumed to consist solely of floor panels of uniform depth and square 
tied columns of uniform cross-section. "As a further simpl ification, the 
layout of the buildings is assumed to be completely regular with no 
miss ing slabs or columns, as shown in Fig. 2.1. The 1 imitation of 
regularity covers only the configuration of the structure, not the 
dimensions. Thus all individual bays, aisles and stories may have 
different dimensions. 
It is recognized, of course, that the assumption of a regular 
structure is not always val id for practical structures. However, this 
disadvantage is offset by the fact that for a regular layout all the 
6 
7 
topological relations and geometrical properties of,the structure 
required during the processing can be generated internally. For a 
regular layout, the number of bays, aisles and stories in the structure 
completely define the topology of the structure, whereas the bay and 
aisle widths and story heights are sufficient to derive the geometrical 
properties of the structure. For an irregular building layout, all the 
topological relations and geometrical data required for the solution 
would have to be provided as input data. 
2.2 Analysis 
The function of the analysis algorithm is to provide several 
options for the analysis of the s'tructure. The alternatives incorporated 
into the model permit a range of analyses which strike a balance between 
the accuracy and economic requirements of the designer. 
2.2.1 Method of Analysis 
As recommended in Section 2102 of the ACI Code, the, floor slabs 
are ideal ized as longitudinal and lateral girders of one panel width 
each, and the structure is treated as an elastic frame. The shaded 
portion of the floor slab in Fig. 2.1, for instance, comprises a 
longitudinal girder. 
The ela~tic frame analysis is performed by the stiffness method, 
and the ideal i'zed structure may be analyzed either as a space frame or as 
a series of plane frames. Furthermore, in order to provide the desired 
flexibil ity in the choice of the method of analysis, several levels of 
accuracy are included within the space and plane frame analyses. 
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2.2.2 Alternatives in Space Frame Analysis 
A space frame joint has six degrees of freedom, which consist 
of three translations and three rotations about the coordinate ax~s, as 
shown in Fig. 2.2(a). In the stiffness method, the displacements of the 
structure are the general ized unknowns, and, consequently, the processing 
time for a problem increases rapidly with the number"of degrees of 
freedom of the structure. Hence, the computer time required for the 
analysis ofa large structure may easily become pr6hibitive, especially 
when a designer requires only an approximate analysis, or feels that 
certain deformation components may be neglected ~ithout seriously 
affecting the accuracy of the solution. In an attempt to provide for 
such situations, ten different alternatives have been built into the 
analysis algorithm. These alternatives al low the designer to neglect 
....•. _ ...... _ ... __ ._ ... __ ... - _._ ... _-... _--- . __ .. _.-
certain deformations and range from allowing all six deformations at a 
joint to allowing only the two bending rotations at each joint. The 
alternatives are as follows: 
ALTERNATIVE 1: Allowall IS ix degrees of freedom at a joint 
(Fig.2.2(a)). 
ALTERNATIVE 2: Neglect the axial deformations of the columns. 
This reduces the number of degrees of freedom to five per joint 
(Fig. 2.2(b)). 
ALTERNATIVE 3: Neglect the rotation of the joints about the 
vert i ca 1 ax i s (F i g. 2.2 (c)) . Th is is equ i va 1 en t to neg 1 ect i ng the i n-
plane twisting of the floors. 
ALTERNATIVE 4: Neglect the axial deformations of the girders. 
This assumption causes the lateral displacements of all joints in a 
frame at each floor level to be equal, so that there is only one unknown 
9 
lateral displacement per frame per floor level. Figure 2.2(d) shows the 
resulting lateral degrees of freedom of a typical floor. The other four 
degrees of freedom at each joint, namely the vertical translation. and 
the three rotations, are unaffected and remain distinct at each joint. 
ALTERNATIVE 5: Neglect the transverse deformations due to 
twisting of the girders. This assumption causes the lateral displace-
ments perpendicular to a frame at al I joints in the frame at each floor 
level to be equal. Moreover, since the lateral displacements perpendicular 
to the frame are equal. at the ends of each girder, there cannot be any 
relative rotation about the vertical axis between girder ends. This 
means that the rotation about the vertical axis is equal at every joint 
on a floor level, so that there is only one unknown rotation about the 
vertical axis per floor level. The degrees of freedom of a typical floor· 
"-~-""---"""--.--..... -.-.. - ... _ .. __ .. __ .,._--
- - --------------- ---
------ ------ - -- -- - - ..... - ... __ .. __ .-...... _ ........... -
are shown in Fig. 2.2(e). 
ALTERNATIVE 6: Neglect the axial and transverse deformations 
of the girders. This assumption impl ies that the floor slabs act as 
rigid bodies with regard to all in-plane deformations. Hence, the 
lateral displacements and the rotation about the vertical axis are equal 
at every joint on a floor level, result·ing in only three in-plane rigid 
body displacements per floor as shown in Fig. 2.2(f). This alternative 
corresponds to the "tie"r bui lding if fonnulation presented by Weaver. (8) 
ALTERNATIVE 7: Neglect the axial deformations of both the 
girders and columns. This is a combination of Alternatives 2 and 4. 
ALTERNATIVE 8: Neglect the transverse deformations of the 
girders and the axial deformations of the columns. This is a combination' 
of Alternatives 2 and 5. 
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ALTERNATIVE 9: Neglect the axial deformations of the columns 
as well as the axial and transverse deformations of the girders. This 
is a combination of Alternatives 2 and 6. 
ALTERNATIVE 10: Consider only the bending rotations of the' 
joints. This results in only two degrees of freedom per joint of the 
-
structure as shown in Fig. 2.2(g). Because lateral displacements are 
neglected, this alternative is appJ icable to vertical loads only. 
2.2.3 Alternatives in Plane Frame Analysis 
As mentioned before, the structure may also be analyzed as a 
series of longitudinal and lateral frames of one panel width each. 
Typical idogitudinal and lateral frames are shown in Fig. 2.1. Every 
joint of a plane frame has three degrees of freedom, which consist of a 
vertical translation, a lateral translation and a bending rotation. In 
keeping with the stated objectives, six alternative plane frame analysis 
options are incorporated into the model. These alternatives provide a 
range for the degrees of freedom from three degrees of freedom per joint 
to one degree of freedom per floor. The alternatives are as fo)lows: 
ALTERNATIVE l: Allow all three degrees of freedom at a joint 
(Fig. 2.3(a». 
ALTERNATIVE 2: Neglect the axial deformations of the columns. 
This assumption reduces the number of degrees of freedom to two per 
j 0 in t (p i go 2. 3 (b) ) . 
ALTERNATIVE 3: Neglect the axial deformations of the girders 
(Fig. 2.3(c». 
ALTERNATIVE 4: Neglect the axial deformations of both the 
girders and columns (Fig. 2.3(d». This alternative corresponds to the 
11 
"classical"rigid frame analysis. 
ALTERNATIVE 5: Consider only the bending rotation of each 
joint (Fig. 2.3(e)). Since sidesway is neglected, this alternative i'5 
appl icable to vertical loads only. 
ALTERNATIVE 6: Neglect all t he axial deformations and 
rotations, considering only the sidesway of the structure (Fig. 2.3(f)). 
This alternative is applicable to lateral loads only, and is commonly 
referred to as the "shear beam" method. 
2.2.4 Method of Solution 
The solution of the equil ibrium equations is pe~formed by 
means of the tri-diagonal method,described in detail in;the following 
chapter. This method calls for the division of the structure into sub-
structures cal led units. In the present analysis, each floor is treated 
as a separate unit, with the solution starting from the topmost floor 
and proceeding to the lower floors. The solution process yields the 
displacements of the joints of the structure. 
2.2.5 Member Stress Resultants 
After all the joint displacements have been evaluated, each 
member is considered individually and the member end displacemehts are 
determined from the joint displacements. The member end displacements 
are then used to compute the member end forces. In the case of slabs, 
the maximum positive moments along the girder spans of the loaded slabs 
are also determined by superimpos ing the appropriate bending moment 
diagrams. For unloaded slabs, the midspan girder moments are computed 
instead. The member forces thus evaluated will henceforth be 
collectively referred to as the member stress resultants. 
\ 
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.2.3 Loads 
The structure may be analyzed for several loading conditions 
simultaneously. The analysis algorithm is equipped to handle the 
fol lowing four types of loads, which are commonly appl ied in building 
analysis: 
1. Superimposed uniformly distributed dead loads acting on 
the panels. 
2. Uniformly distributed 1 ive loads acting on the panels. 
3. Arbitrary uniformly distributed loads acting on the panels. 
4. Arbitrary joint loads acting at the joints of the structure, 
e.g., wind loads, earthquake loads, etc. 
When the structure is being analyzed for dead loads, the self 
weight of the structure is considered in addition to the prescribed 
superimposed dead loads, and the structure is analyzed for the resulting 
total dead loads. The self weights of the members of the structure are 
computed internally, the self weights of the slabs being computed from 
the slab depths, and the self weights of the columns from the column 
concrete dimensions. 
Two options are provided for ·1 ive load analysis. The structure 
may either be analyzed with the full 1 ive load on all the panels acting 
simultaneously, or in such a manner that the maximum poss~ble positive 
and negative values of each individual stress resultant are determined~ 
The procedure employed to evaluate the maximum possible stress resultants 
is described in detail in the next chapter. However, the essence of the 
procedure is as follows: 
1. In addition to the specified loading conditions, the 
structure is also analyzed for the specl~ied uniformly distributed 1 ive. 
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load acting on each panel separately. Hence, the number of loading 
conditions in addition to the specified loadin~ conditions is equal to 
the total number of panels. 
2. The maximum positive and negative I ive load stress 
resultants of each member are computed incrementally by evaluating the 
stress resultants of the member due to the 1 ive loading of each panel 
separately. The sign of a member stress resultant due to the loading 
of any particular panel determines whether it should be added into the 
corresponding maximum positive or maximum negative stress resultant of 
the member. Proceeding in this manner, the maximum positive and negative 
I ive load stress resultants of each member are accumulated by selectively 
summing the stress resultants obtained by loading each panel individually. 
2.4 Loading Combinations 
Since one or more loadings may act simultaneously upon a 
structure, it is necessary to be able to combine the effects of different 
load ings and compute the resultant member forces. The facil ity for 
combining different loadings is included in the model and several loading 
combinations may be specified. The maximum possible values of the member 
forces due to the specified loading combinations are the forces for which 
the members must be designed, and will be referred to as the member design 
quantities. 
A loading may be specified to be reversible, meaning that it 
may act in both directions. This provision is useful in reducing the 
number of loadings and loading combinations that have to be specified. 
Since a reversible loading may act in both directions, the member stress 
resultants due to it may change signs. This fact is taken into account 
, by taking the absolute values of the member stress resultants due to the 
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reversible loading and adding them with the appropriate signs to both 
the maximum positive and maximum negative stress resultants of the member. 
The facil ity for specifying reversible loadings does not extend. to dead 
loads and I ive loads, which are regarded as being non-reversible by 
natu re. 
Two types of loading combinations are incorporated in the 
model. These'are: 
a. "AND" type combinations, which perform the summation of 
different loadings to yield the maximum p6ssible values. 
b. "OR" type combinations, which provide the capabil ity for 
comparing the stress resultants of two loadings and adding the larger 
of the two. The two loadings compared may be two non-reversible loadings, 
a reversible and a non-reversible loading, or two reversible loadings. 
Along with each loading that is part of a loading combination¥ 
a factor by which the stress resultants of that loading should be 
multipl led may also be specified. Thus, for instance, an acceptable 
loading combination is 
I-I DL+(0.9LL OR LOW) 
where DL represents the dead loads,· LL the 1 ive loads and W the wind 
loads acting on the structure. 
2.5 Design Quantities 
The design quantities, defined above as the maximum possible 
member forces due to the specified loading combinations, are descrfbed 
below. 
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2.5.1 Slabs 
The design quantities for a slab consist of the maximum 
positive and negative end moments and the maximum positive and negatoive 
moments along the span of the four girders bordering the slab, as shown 
in Fig. 2.40 The design quantities are obtained by selectively summing 
the stress resultants of the different loadings in accordance with the 
loading combination data. 
When a space frame analysis is performed, the stress resultants 
of all the four girders bordering a slab are evaluated simultaneously, 
and the loading combination procedure yields all the design quantities 
of the slab. When a plane frame analysis is performed, on the other 
hand, the loading combination procedure yields only the design quantities 
of the girders in the plane frame analyzed. Hence, the design quantities 
of a slab can only be completely determined after the four plane frames 
containing the girders bordering the slab have been analyzed. 
2.5.2 Columns 
The loading combination procedure yields three sets of design 
quantities for each end of a column. These are: 
1. The maximum axial load P and the corresponding moments 
about the X and Y axes, M and M , as shown in Fig. 2.5. 
x y 
2. Maximum M and the corresponding n and M r . 
X Y 
3. Maximum M and the corresponding P and M . y x 
Hence, the design quantities for each column consist of six sets of 
values of P, M and M • 
x y 
When a plane frame analysis is performed, the combination pro-
cedure yields an axial load and one moment per set. As such, the design 
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.quant ities of a column can only be completely determined after the two 
plane frames containing the column have been analyzed. Moreover, since 
the two plane frame analyses yield two different axial loads, the· larger 
of the two is arbitrarily taken as the design quantity. 
2.6 Design 
The slab and column design procedures incorporated into the 
model are based upon the recommendations of the ACI Code. In addition, 
the model attempts to provide capabil ities which al low a designer to use 
his engineering judgment and experience in order to arrive at a good 
des i 9 n. 
~.6.1 Member Groups 
For aesthetic or other architectural requirements, or with a 
view towards economy in construction, it is often desirable to make 
groups of members identical or similar in .some respect. The faci1 ity 
for specifying such member groups has been incorporated into the model 0 
For instance, the designer may stipulate that the depth of all the 
corner slabs on a particular floor level shall be the same, or that the 
column dimensions shall only be stepped· every two stories, etc. 
A)though the abil ity to specify member groups will not in 
general lead to the design of structures of minimum weight, it will 
normally assist significantly towards the design of economical structures, 
which are at the same time acceptable to both the architect and the 
cant rac tor. 
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2.6.2 Types of Member Groups 
Two distinct categories of member groups are included in the 
mode 1 : 
1. Preassigned groups - these are member groups'specified as 
part of the input data. 
2. Program selected groups - these are internally selected 
groups of members which satisfy specified constraints. 
In the case of slabs, only preassigned groups are allowed. 
Within the category of preassigned groups, the fol lowing three types of 
slab groups are acceptable: 
i. Groups of slabs of fixed depth. 
i i. Groups of slabs of equal depth. 
iii. Groups of slabs that are identical with respect to slab 
depth and steel provisions. 
In the case of columns, both preassigned groups and program-
selected groups are provided for, and within each of these categories 
two types of groups can be specified. These are: 
i. Groups of columns of the same dimensions. 
ii. Groups of identical columns, i.e., columns having the 
same dimensions and longitudinal _ I!' .r _ _ _ __ I re InTO rcemen 'Co 
2.6.3 Design on Basis of Partial Analysis of Structure 
In practice, if a designer requires only a crude prel iminary 
design for a structure or if the structure is repetitive, having similar 
interior slabs etc., the designer may elect to design only the typical 
components of the structure and derive the design of the remaining 
components from these. 
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Consider, for example, the typical floor shown in Fig. 2.6. 
It may conceivably be adequate to design. only one corner slab, two side 
slabs and one interior slab, and then make the remaining slabs identical 
to the designed slabs. In order to obtain design quantities for the 
four "design slabs", it is clearly sufficient to analyze only the six 
plane frames indicated by heavy 1 ines in Fig. 2.6, fnstead of analyzing 
all the plane frames or the space frame. Going a step further, it may 
even be considered adequate to analyze only the four plane frames marked 
A in the figure. In that case, however, the plane frame analyses do not 
yield all the design quantities needed for the design slabs. To remedy 
this situation, fictitious quantities are created within the model in 
1 leu of the missing design quantities, based upon the available ones. 
The criterion used for choosing the control slab from a group 
of slabs is the number of sides for which the plane frames analyzed 
provide design quantities. In other words, that slab from each group for 
which the maximum percentage of design quantities are available is chosen 
as the control slab. An analogous criterion is used to select the 
"controlcolumn'f from a group of columns. 
2.6.4 Desiqn of Members 
The model is equipped to design the members either by the 
working stress method or by ultimate strength design procedures. The 
design procedures for slabs and columns are described below. 
2.6.4.1 S-lab Design Procedure 
The depths of the slabs are determined prior to the analysis 
of the structure, in accordance with the empirical values suggested in 
Section 2104(d) of the ACI Code. 
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The design quantities of a slab are then used to determine the 
amounts of compressive and tensile steel required for the slab. Before 
this is donei however, the design quantities of the slab are converted 
into column and middle strip moments in accordance with Table 2103(c) of 
the ACI Code. The positive and negative design quantities at the twelve 
locations indicated in Fig. 2.7(a) yield positive and negative strip 
moments at the eighteen locations indicated in Fig. 2.7(b). Finally, 
the areas of steel required for the longitudinal and lateral column and 
middle strips of the slab are determined from the strip moments by means 
of standard working stress or ultimate strength design procedures. "The 
implementation of these procedures is described in detail in the next 
chapter. 
If a slab has been specified to be part of a group of identical 
slabs, this fact is taken into account while determining the steel 
required for the slab. 
2.6.4.2 Column Design Procedure 
The design of a column is performed in the following manner. 
First, the effective length and the corresponding strength reduction 
factor for the column are computed in accordance with the provisions of 
Sections 915 and 916 of the ACI Code, and the column design quantities 
are increased to compensate for the strength reduction, if any. Next, 
the increased design quantities are used to check the assumed section 
by means of the working stress or the ultimate strength design method. 
Ani t era t ion p roc e d u r e , des c rib e din the f 0 1 1 ow i n g c hap t e r , i sus e d to 
arrive at the best possible design for the column. 
If a column is part of any group of columns, this fact is 
recognized and taken into account in the design. 
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2.7 Checking of Structure 
As mentioned in Chapter 1, the.abil ity to check a previously 
designed structure is included in the capabil ity of the model. The code 
adopted for the checking procedure is the current ACI Code. 
The following data pertaining to the structure is provided to 
the checker by the designer: 
I. The geometry of the structure. 
2. The slab depths and the main steel reinforcements of the 
s 1 a bs 0 
3. The concrete and longitudinal steel areas of the columns. 
The remain:ng data required for the analysis of the structure must be 
suppl jed by the checker, and inc'1udes: 
1. Analysis alternative. 
2. Loading data. 
3. Loading combinations. 
4. Constants and criteria, e.g., allowable stresses, etc. 
It is to be noted that the above data are provided independently by the 
checker, and may be entirely different from the corresponding data used 
by the designer. 
The structure is analyzed using the above data, and design 
quantities are obtained for the members of the structure. Whereas the 
member design quantities are used to design the members when the model' 
is appl ied to design, the design quantities are used only to check the 
adequacy of the members when the model is appl ied to checking. 
The important difference between checking and design is that 
there are no member groups to be considered when checking a structure. 
Otherwise, the checking procedures for the members resemble the design 
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procedures closely. The checking of the slabs and columns is do~e as 
fa 11 ows : 
a) Slabs. If ·the structure is being checked by the wor.king 
stress method, the steel and concrete stresses at all the critical 
points of the slab are determined, and a message is output whenever the 
calculated stresses exceed the allowable stresses. If the ultimate 
strength design method is used, the values of the resisting moment of 
the slab at all the critical points are computed, and a message is 
output whenever the resisting moment is less than the acting ultimate 
moment. 
b) Columns. The safety of a column is checked by means of the 
ACI Code formulas for working stress or ultimate strength des;gn, as 
required by the checker. When a column is found to be unsafe, an 
appropriate message is output. 
-2.8 .... Quantity Ta-ke;;;;Off--
After the design of a structure is complete, the designer may 
request a quantity take-off of the designed structure. 
The quantity take-off procedure computes the total volume of 
concrete and weight of, steel required. The weight of steel includes 
only the bending reinforcement of the slabs and the longitudinal rein-
forcement of the columns. The shear reinforcement of the ·slabs and 
the lateral ties for the longitudinal reinforcement of the columns are 
not taken intb. account~ 
CHAPTER 3 
IMPLEMENTATION OF MODEL 
This chapter describes the procedures implemented in th~ model 
described in Chapter 2. The topological relations required during the 
processing of the structure are described first. Next, the details of 
the analysis algorithm are given, followed by a description of the 
member design procedures. Finally, a description of the che~king and 
quantity take-off procedures is presentedo 
3.1 Topological Relations 
The topological relations of the structure used during pro-
cessing are 1 isted below. As described in Art. 2.1, the present model 
deals only with regular structures, and thus all the required relations 
can be obtained internally by simple calculations. The numbering schemes 
used for space and plane frames are illustrated in Fig. A.1, and the 
necessary calculations are given in Appendix A. 
For structures with an irregular layout, containing setbacks, 
discontinuous column or bay 1 ines, missing columns or slabs, etc., the 
equivalent topological information woulq have to be suppl ied as input 
data a 
3.1.1 Space Frames 
slab .. 
The information required for a given slab of the structure is: 
1. The bay and aisle numbers of the slab. 
Z. The corner joint numbers of the slab. 
3. The member numbers of the girders along the edges of the 
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4. The numbers of the four slabs adjacent to the slab. 
5. The numbers of the four frames bordering the slab. 
The information required for a given joint of the structure is: 
1. The longitudinal and lateral frame numbers intersecting 
at the jointo 
2. The member numbers of the members framing into the joint. 
30 The numbers of the joints at the far ends of members 
framing into the joint. 
4. The numbers of the four slabs adjacent to the joint. 
3.1.2 Plane Frames 
As shown in Fig. A.l, the same members are assigned different 
numbers internally when they are part of space and plane frames. Some 
of the relations required for plane frames require the corresponding 
space frame numbers of members. The information required for a given 
girder of a plane frame is: 
1. The corresponding space frame girder number. 
2. The numbers of the two ·slabs adjacent to the girder. 
The information required for a given joint of a plane frame fs: 
1. The spac~ frame member numbers of the members framing into 
the joint. 
2. The numbers of the four slabs adjacent to the joint. 
Most'of the relations. listed above are required many times 
during the pro~essing of a structure. Because they can be generated 
very quickly, however, the ·required information is recreated each time. 
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3.2 Ana I ys is 
3 G 2 .. 1 Gene ra 1 Commen ts 
The analysis of the structure is performed by the stiffness 
method. The tri-diagonal procedure (3) is employed for the solution of 
the equil ibrium equations, treating each story as a separate substructure 
or unit. The stiffness matrix of the structure is a~sembled story by 
story, and is of the for~: 
o 
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in which the K .. represent the direct stiffnesses of the substructures, 
I I ' 
referred to herein as the floor stiffnesses, K .. 1 and K. '+1 represent 
I , I - I , I 
thecross-stiffnesses between adjacent floors, and n is number of 
stories. 
The computer time required to,obtain a complete solution by 
the tri-diagonal procedure may sometimes prove to be excessive, because 
the method reJ ies heavily upon the intermediate use of scratch storage. 
This situation could be alleviated at times by increasing or reducing 
the num~er of substructures within the primary memory capacity of the 
computer. The I'overhead 'l time required for the use of scratch storage 
increases I inearly with the number of substructures, while the solution 
time for each substructure increases in proportion to the 'cube of the 
number of unknowns per substructure. Hence, the optimal subdivision 
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may not always be the one chosen for this study. However, this dis-
advantage is offset by the advantage of being able to maintain a uniform 
bookkeeping procedure throughout. 
3.2.2 Stiffness Matrices of Members 
The stiffness matrix of the structure is assembled from the 
stiffness matrices of the members expressed with respect to the global 
coordinate axes X, Y, ~ shown in Fig. 2.1. As is conventional in matrix 
structural analysis, the stiffness matrices of the members are first 
expressed with respect to their local member axes, and then transformed 
into the global axes of the structure. The derivation of' the global 
member stiffness matrices is described below. In the program, the 
derived global member matrices are used directly as described in Art. 
3.2.3, because it would prove too time-consuming to evaluate formally 
the global matrix for each member. 
3.2.2.1 Space Frame Members 
The stiffness matrix of.a space frame member with reference 
to its local member axes x, y, z, shown in Fig. 3.1, is: 
= [_ H~;~ Ht r :H~;~] [_'_ I _'_] I':: I K~A I ~B K t = ... J .... t ... J.- (3.2) .J. Ht m "K~B K~B K~A I K~B 
I 
.J. 
in which K~B is the stiffness matrix of end B of the member, and H is 
.r. 
the translation matrix from end B to end A. The matrix K~B is given 
by: 
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AE/L 0 0 0 0 0 
0 12EI 1L3 0 0 0 -6EI /L2 
z 
12EI /L3 6EI /L 2 
z 
,fA 0 0 0 0 K~B :: y y C3. 3) 
0 '0 0 GJ/L 0 0 
0 0 6EI IL2 0 4EI /L 0 
=6EI IL 2 
Y Y 
0 0 0 0 4EI IL 
z z 
The elastic properties of the members are evaluated considering the con-
crete cross-section only. It should be noted that the shearing distor-
tion terms due to L/GA and L/GA are ignored. For the types of members y z 
under consideration, this simpl ification is deemed to be·justifiable .. 
The translation matrix H is given by: 
0 0 0 0 0 
0 0 0 0 0 
H 0 0 0 0 0 (3.4) = 
0 0 0 1 0 
U 0 0 -L 0 0 L 0 0 0 
When the member axes do not coincide with the global axes of 
the structure, the member stiffness submatriceswith respect to the 
global axes are obtained by applying the rotational transformation: 
(3. 5) 
where T is the rotation matrix from member to global coordinates. Hence, 
the member stiffness matrix with respect to the global axes, K, is 
m 
obtained as: 
r [THK1' HtTt I 
_ -~H~~ T~] =[~~ I _ K~B] K BB t 1 (3.6) m = :T~if'-HtTt ,'A t I 
BB TK;B T KBA I KBB 
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The rotation matrices corresponding to the three distinct 
space frame members are as follows: 
a) LongitudlnaJ Girders. For longitudinal girders the member 
axes coincide with the global axes X, Y, Z, so that T = [I}, where I 
represents a unit (identity) matrix. 
b) Lateral Girders. The relation between the member axes of 
a lateral girder and the global axes is shown in Fig. 3.2. The 
corresponding rotation matrix is given by:' 
0 -1 0 0 0 0 
o· 0 0 0 0 
T 0 0 0 0 0 (3. 7) = 
0 0 0 0 -I 0 
0 0 0 1 0 0 
0 0 0 0 0 1 
c) ,Columns. The relation between the member axes of a column 
and the global axes is shown in Fig. 3.3. The corresponding rotation 
matr i x is given by: 
r: 0 ... 1 0 0 :1 0 0 0 
1 0 0 0 0 0 
T = (3.8) 0 0 0 0 0 ... 1 
0 0 0 0 0 
0 0 0 ] 0 0 
3.2@2.2 ~lane Frame Members 
There are three genera] ized displacements at each end of a 
plane frame member as shown in·Fig. 3.4, and the stiffness matrix 
corresponding to end B of the member, vJith reference to the local 
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member axes is: 
[AE:L 0 6E~/LJ ~rA 12EI /L3 K~B = Y 
6EI /L2 4EI /L y y 
The translation matrix from end B to end A of the member is: 
(3.10) 
The stiffness matrices of the longitudinal and lateral plane 
frame members with respect to the global axes are obtained as described 
belowo 
a) Longitudinal Frames. The rotation matrices corresponding 
to the girders and columns of a longitudinal frame are as follows: 
i) Girders. The member axes of a longitudinal plane frame 
ii) Columns. The rotation matrix of a column is: 
[: -1 :] T = 0 (3. 11 ) 0 
b) Lateral Frames. Lateral frames are treated as longitudinal 
frames for the purpose of analysis. There is no compI ication in doing 
so, because only an imaginary rotation of the lateral frames into the 
plane of the longitudinal frames is involved. The stiffness matrices 
corresponding to longitudinal plane frame girders and columns apply 
without change to lateral frames, except that in the stiffness matrix 
of the columns the moment of inertia about the member z axis, I , mus t 
z 
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be used in place of the moment of inertia about the member y axis, I . y 
302.3 Mapping from Member to Joint Submatrices 
The stiffness matrix of a space frame member (Eq. 0.6)) 
consists of 144 elements. In the conventional procedure, all 144 
element~ or at least the 36 elements of KSff are stored in the computer 
memory and the submatrices KAA , KAS ' KSA and KSB are copied or "mapped
ll 
into appropriate locations in the stiffness matrix of the structure. 
A considerably more efficient procedure was developed and incorporated 
into the pres'ent model. The procedura is based upon the observation 
that there are only eight variables in all the member stiffness matrices, 
namely: 
Variable No. 1 2 3 4 5 6 7 8 
Variable AE EI EI EI EI EI EI GJ 
--...:L .......1. -.:L z z z 
- --L L L2 L3 L L2 L3 L 
It is further noted that, with the particular rotation matrices needed 
in this study, each of the 6 x 6 submatrices contains only ten non-zero 
terms, as in Eq. (3.3). Given the values of the above eight variables, 
the appropriate constant multipl iers (2;4,6,12) and signs of the non-
zero terms, as well as the location of the non-zero terms in the 
stiffness matrix, it is an easy matter to assemble the member stiffness 
matrix when needed. Indeed, it is possible to use the same information 
to determine the contribution of the member to the stiffness matrix of 
the structure without ever physical 1y a~semb] ing the member stiffness 
matrix, thus resulting 'in a considerable saving of both computer memory 
space and processing time. 
30 
The implementation scheme developed requires the establ ishment 
of three 1 ists for the description of the global stiffness matrix for 
each type of member. The 1 ists describe the non-zero terms in the 
submatrices KAA , KAB , KBA and ~B. The required 1 ists for space frame 
members are given in Table 1. The interpretations of the 1 ists are as 
fa 11 ows: 
a) Source List. The source 1 ist points to the variables that 
correspond to the non-zero terms in each of the submatrices KAA , KAB , 
KBA and KBB" Referring to Tabie i, the second eiement in the source 
1 ist for space frame longitudinal girders is 7, because the second non-
zero term in the stiffness submatrices (proceeding by rows) 
which contains the 7th variable E1 1L3. 
z 
is 12EI /L3, 
z 
It is to be noted that the variables always occur in the same 
sequence in all four submatrices, so that a single source 1 ist serves 
for al 1 submatrices. 
b) Sign and Multipl ier Liste The sign and multipl ier 1 ist is 
a two-dimensional 1 ist which defines the signs and multipl jers of the 
non-zero elements in each of the four submatrices KAA , KAB , KBA and KBB -
Referring again to Table 1, the boxed n~mbers in the sign and multipl ier 
1 ist for space frame longitudinal girders indicate that the sign and 
muitipl ier of the second non-zero term in the stiffness submatrices 
(proceeding by rows) is 12 for submatrices KAA and KBB , and ... 12 for 
submatrrces KAB and KBAo 
c) Location Liste The location I ist defines the location of 
the non-zero elements in the submatrices KAA , KAB , KBA and KSB" It is 
the same for all four submatrices and consists of the row'and column 
numbers corresponding to the non-zero elements in the submatrices. 
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In Table 1, the circled elements in the location list for space frame 
longitudinal girders indicate that the second non-zero term in the 
submatrices KAA , KAB , KSA ' and KS8 is located in row 2, column 2 •. 
The source, sign and multipl ier, and location 1 is.ts required 
for plane frame members are given in Table 2. The plane frame member 
1 ists are five elements in length, because the global stiffness sub-
matrices of plane frame girders and columns contain five non-zero terms 
ina 1 1 cas es . 
In prder to evaluate the contribution of the stiffness sub-
matrices of a member to the stiffness matrix of ~ structure, the lists 
described above are used as follows. First, the v~ues of the eight 
variables AE/L Q ~ • GJ/L are computed from the elastic properites of 
the given member. Next, the source and sign and mUltipl ier 1 ists for 
the member are used to evaluate the non-zero terms in the member stiff-
ness submatrices. The non-zero terms are .then copied directly into the 
appropriate joint submatrices in the locations defined by the location 
1 is t for the member. 
3.2.4 Generation of Joint Submatrices 
The solution.procedure requires only the current floor 
stiffness matrix K .. and the cross-stiffness matrix K .. 1 to be in 
I I . I, 1-
memory concurrently. The matrfces K .. and K .. 1 are composed of 
II I, 1-
joint submatrices associated with the joints in floors i and i-I. The 
generation of' the joint submatrices required to assemble K .. and K .. 1 
I I I , 1-
is described below. 
Each joint within floor i is cons idered in turn. -The stiff-
ness matrices associated with joint j consist of a submatrix 
representing the stiffness of the joint itself, k!., and submatrices, 
JJ 
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k! , representing the cross-stiffnesses between the joint and each of 
Jg 
its neighboring joints, g. The stiffness submatrix of the joint, k!., 
JJ 
and the cross-stiffness submatrices corresponding to the neighboring 
joints on the same floor belong to the floor matrix K .. , whereas the 
I I 
cross-stiffness submatrix between the joint and the neighboring joint 
in the adjacent upper floor belongs to K .. l' The cross-stiffness 
I, 1-
matrix K .. 1 is a diagonal matrix of the form: 
I , I'" 
K •• ] = I , I "" 
r,/ 
'1 
o 
o 
'k 
r 
1 
where r is the number of joints per floor and k1, ••• k
r 
are the cross-
stiffness submatrices. 
In the program, only the upper triangular submatrices of K .. 
1 I 
are expl icitlydetermined, because the lower triangular submatrices are 
easily obtained by symmetry. The upper triangular submatrices of K .. 
1 I 
and the submatrices of K .. 1 associated with joint j are generated in 
I, 1-
the following manner. The member numbers of the .members framing into 
the joint are determined, and taking ea~h member in turn, its conttibution 
to the joint submatrices is determined. The contribution of a member 
depends upon its orientation, and is different for girders and columns. 
The orientation of the members meeting at a joint is shown in Fig. 
A.2(b) for space frames and in Fig. A.3(a) for plane frames. The 
different cases that occur and the correspond~ng actions are as follows: 
a) Girders with i as their positive end. The stiffness sub-
matrices KAA and KAB of the gi rder are added into kJj and' kjg' 
respectively, where g is the joint number of the negative end of the 
girder. 
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b) Girders with j as their negative end. The stiffness sub-
matr ix KBB of the girder is added into k! .. JJ 
c) Upper Columns. The stiffness submatrices KAA and KAB of the 
column are added into k~ . in K .. and k. in K. . l' res pec t ive 1 y. JJ I I J I, 1-
d) Lower Columns. The stiffness submatr ix KSB of the column 
is added into k! .. 
JJ 
The 1 ists described In Art. 3.2.3 for the member stiffness 
matrices correspond to the complete stiffness matrices of the members. 
Consequently,. the joint submatrices evaluated using these 1 ists represent 
the joint submatrices of a structure in which all degrees of freedom are 
considered. Hence, the evaluated joint submatrices correspond to 
Alternative 1 for both space and plane frame analyses. 
3.2.5 Mapping from Joint to Floor Matrices 
The joint submatrices evaluated for Alternative 1 are mapped 
into the floor matrices, K .. and K; . l' in accordance with the 
I I I , I'" 
alternative cho~en for analysis. Consider, for instance, the typical 
plane frame joint submatrix: 
If this represents the joint submatrix kZ2 for joint 2 in floor 1 of the 
p~ane frame shown in Fig. 3.5, i.t is copied into rows .and columns 4, 5, 
and 6 of the floor matrix, K", jf the structure is being analyzed by 
I I 
Alternative 1. If, on the other hand, Alternative 2 has been chosen for 
analysis, row 2 and column 2 of the joint submatrix are omitted, because 
these correspond to column axial deformations, which are neglected in 
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Alternative 2. The remaining rows and columns 1 & 3 of the joint 
submatrix are then copied into rows and columns 3 & 4 of the f)oor 
matrix, KJ J (Fig. 3.6). The cross stiffness joint submatrices, kjg' 
are mapped into the floor matrices in an identical manner. 
The procedure implemented for mapping the joint submatrices 
into the floor matrices for the various alternative~ of analysis is as 
follows. A source array containing the row and column numbers of the 
elements to be extracted from a joint submatrix is generated by book-
keeping. For a particular alternative, the source array is made up of 
constants and is the same for all joints in the structure. It is, 
therefore, generated only once. A second array, called the destination 
array, containing the row and column numbers of the locations in the 
floor matrices into which the elements of the joint submatrix are to 
be placed is also generated by bookkeeping. However, the elements of 
the destination array are variables which. depend upon the joint number 
concerned and the analysis alternative chosen. Consequently, the 
destination array has to be recreated for each joint submatrix. 
The source and destination arrays for the various alternatives 
are described in the next two articles .. For ease of explanation, the 
plane frame alternatives are described before the space frame 
a 1 ternat ives. 
3.2.5.1 Plane Frame Alternatives 
The mapping for the various alternatives falls into two 
categories - those of omission and superposition. In the case of plane 
frames, Alternatives 2,5 and 6 fall into the category of omission and 
A 1 t ern a t i ve s 3 and 4 fa 1 lin to the cat ego r y 0 f su per po sit ion. 
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The source and destination arrays for all plane frame 
alternatives are given in Table 3. As an explanation, the derivation 
of these arrays for Alternative 2 is described below. In addition, 
pertinent explanati6ns relating to the other alternatives are also 
given. 
ALTERNATIVE 2 (Neglect column axial deformations): 
This is an example of omission. In order to neg1ect the 
column axial deformations, it is necessary'to omit the second row and 
column from ~very joint stiffness matrix before copying it into the 
matrix of the structure. 
a) Source Array. Only four elements from the joint submatrix 
have to be copied into the structure matrix. These are the elements in 
the first and third rows and columns, and lead to the following source 
array: 
b) Destination Array. There are two degrees of freedom per 
joint of the structure. If J is the number of the joint concerned, then 
for the diagonal submatrices in Kii and'Ki~ 1-1 corresponding to the 
joint, the base addresses, JJ and JK, in terms of which the destination 
locations are calculated, are given by: 
JJ = (J ... 1) x 2 
JK = JJ 
For the off-diagonal submat'rices in K .. ~ 
I I 
JJ = (J-l) x 2 
JK = (IN ... l) x 2 
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. where IN represents the adjacent joint numbers. Since only the up~er 
triangular submatrices of K .. have to be generated, and the numbering 
I I 
of the joints in a floor is sequential as shown in Fig. A.1, the 
adjacent joint number of interest is J+l. Hence, for the off-diagonal 
submatrices: 
JK = J x 2 
The required destination array for all the joint submatrices 
is given by: 
[
JJ+l' JK+l 
JJ+2, JK+l 
JJ+l,JK+2] 
JJ+2, J K+2 
ALTERNATIVE 3 (Neglect girder axial deformations): 
When the girder axial deformations are neglected, the relative 
lateral deformation between girder ends is equal to zero so that the 
lateral translation or sidesway of all the joints on a floor level is 
the same. Hence, the number of degrees of freedom of a floor is reduced 
by (r-l), where r is the number of joints in the floor. This is an 
example of combination, because the lateral stiffness of the frame is 
now equal to the sum of the lateral stiffnesses of the columns across 
the frame. Since the girder axial deformations are neglected, it is 
necessary to set the AE/L terms in the member stiffness matrices of the 
girders equal to zero before mapping them into the joint submatrices. 
In all the alternatives that involve combination, the degrees 
of freedom that are common to more than one joint are numbered after 
all the distinct degrees of freedom at each joint. The joint stiffness 
submatrices assembled as jf for Alternative 1 can then be mapped into 
the story stiffness matrices in accordance with the appro~riate source 
and destination arrays. 
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ALTERNATIVE 4 (Neglect girder and column axial deformations) 
This alternative is a combination of Alternatives 2 and 3, and 
is an example of omission plus combination. 
ALTERNATIVE 5 (No sidesway) 
This is an example of omission. Only the bending rotations 
are considered, so that only element k33 of the joint submatrices is 
copied into the structure matrix. 
ALTERNATIVE 6 (Sidesway only) 
This is an example of omission plus combination. There is 
only one deformation per story, and hence no off~diagona] submatrices 
in the floor matrix K ..• Since the axial deformations of girders are 
II 
neglected, the AE/L terms must be set to zero in the stiffness matrices 
of the girders before copying them into the joint stiffness matrices. 
3.2.5.2 Sl?a~_t3 Frame A 1 ternat ives 
Among the space fram~ alternatives, Alternative 1 allows all 
six deformation~ at a joint whereas Alternatives 2, 3 and 10 are 
examples of omission and the remaining alternatives involve omission 
plus combination. Alternatives 1, 2, 3, 4, 7 and 10 entail very 
straightforward mapping and require no supplementary explanations. 
Their source and destination arrays are given in Table 4. 
In the case of Alternatives 5, 6, 8 and 9, the mapping itself 
is straightforward but the joint submatrices must first be modified 
before being copied into the structure matrix. This modification, which 
is necessitated by the fact that the floors are assumed to act as rigid 
bodies, is described below. 
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3.2.5.3 Modification of Joint Submatrices for Rigid Floors 
ALTERNATIVES 6 and 9: 
When the axial and transverse deformation of a floor sl.ab are 
neglected, the in-plane floor displacements are reduced from 3 0 r to 3, 
namely translations in the X and Y directions and a rotation about the 
vertical axis as shown in Figo 2e2(f). The treatment of the member 
stiffness ~atrices and the joint submatrices to handle the change in 
the general ized floor displacements is explained below. 
a) Modification of Member SubmatricesQ 
i) Girders. Since there is no relative axial deformation, 
no relative transverse deformation and no relative rotation between the 
girder ends, it is necessary to set aTl the AE and EI terms in the 
z 
member stiffness matrix equal to zero before copying into the joint 
stiffness matrix. No other modification is required for the girder 
submatrices~ 
il) Coiumns. Since aii the reiative deformations between the 
column ends still exist, the compiete column member stiffness submatrices 
must be copied into the joint submatrices without change. 
b) Modification of Joint Submatricesa 
The joint displacements, actions at joints, and column 
stiffnesses associated with the rigid body motions of the floors must 
be transformed to a common set of reference axes for each floor. Since 
the two ends of a girder 1 ie on the same fioor, no transformation of 
girder stiffnesses is required. Hence, the off-diagonal joint sub-
matrices in K .• , which correspond to girder stiffnesses alone require 
I I 
no modification. 
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Referring to Fig. 3.7, taking the geometric center of the floor 
slab, 0, as the origin of coordinates, the displacements of any joint j 
associated with the rigid body motion of the floor in terms of the motion 
of po i n t 0 are: 
OJ 1 = 801 ... y. °06 (3.12) J 
OJ 2 = °02 + x. °06 . (3.13) J 
and 
°j6 = °06 (3.14) 
where 0jl' 0j~ and 0j6 represent the x translation, y translation and z 
rotation of joint j, respectively, and °01 , 002 and 006 denote the 
corresponding displacements for point. O. The terms x. and y. are the x 
J J 
and y components of the radial distance from point a to joint j. The 
relations between the displacements of joint j and point a can be 
expressed in matrix form as 
where 
0 a a a a 
0 1 a a a a 
T. 0 0 a 0 a = 
J a a a a 0 
l-~· a a a 1 a x. O. 0- 0 . J J 
The transformation matrix T~ represents a geometric operator which 
J 
(3.16) 
transforms displacements of the floor at point a into displacements at 
joint j. 
By the principle of contragradience the relation between the 
actions at point a in terms of the actions at any joint j are 
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Po == T. P. 
J J 
in which Po and Pj represent the actions at point 0 and joint j 
res pee t i ve 1 y. 
The desired modification of the joint stiffness submatrices is 
obtained by first writing the action-displacement equation for a joint 
as 
P. == K.o. 
J J J 
Substituting Eq. (3.15) into Eqe (3.18) and· then substituting the 
resul ting equation into Eq. (3.17) yields 
t 
Po == T. K. T. 00 J j J 
(3.18) 
(3.19) 
Since Eq. (3.19) is the action-displacement equation relating floor 
actions to floor displacements, the required modified joint stiffness 
matrix, KO' is given by the congruence transformation 
(3.20) 
In the program the transformation of the joint submatrices is not per-
formed by actual matrix multiplication, which would be extremely time 
consuming, but rather by multiplying only the appropriate terms by x. 
J 
or -y." 
J 
After the joint submatrices are modified in actordance with 
Eq. (3,,20), they are mapped into the structure matrix us ing the source 
and destination arrays given in Table 49 
ALTERNATIVES 5 and 8= 
When the transverse deformations nf the floor slab are neglected, 
the general ized in-plane floor displacements are reduced from 3D r to as 
many translations as the total number of plane frames in the structure 
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plus a single rotation about the vertical axis as shown in Fig. 2.2(e)& 
The modification of the member and joint stiffness matrices to reflect 
the change in the general ized floor displacements is exactly the same 
as for Ai ternatives 6 .and 9 with the following two important differences: 
a) In the member stiffness matrices of the girders only the 
EI terms are set equal to zero. The AE terms must be retained, because 
z 
the axial deformations of the slabs are not neglected. 
b) Since the axial deformations of the slabs are not neglected, 
the girders ~re subject to relative axial displacements between their 
ends. Because of this, the girder stiffness matrices require the same 
geometric transformation as the column stiffness matrices. This 
requirement is automatically met in the case of the diagonal joint 
submatrices, which are transformed in accordance with Eq. (3.20) just 
as for Alternatives 6 and 9. In addition, the off-diagonal joint sub-
matrices in K .. , which do not require any .transformation for Alternatives 
I I 
6 and 9, must also be transformed in accordance with Eq. (3.20). 
The source and destination arrays for Alternatives 5 and 8 which are 
required for mapping the modified joint submatrices into the structure 
matrix are given in Table 4. 
When all the joints in a floor have been processed and the 
joint submatrices associated with the j~ints have been mapped into the 
floor matrices as described abo.ve, the generation of the matrices K .. and 
Ii 
K= . "I is com~leteo The floer matrices are now ready for use in the 
I., 1- " 
solution processG 
3.2.6 Loads 
The types of loads included in the model were described in 
Art. 2.3. - The loads are appl ied either directly as joint 
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loads, or as uniform loads acting on the slabs. These loads must be 
transformed into jQint load vectors, P, which are compatible with the 
analysis alternative chosen. 
The generation of the appropriate joint load vectors for 
different loading conditions and analysis alternatives is expJained in 
the following articles. 
3Q2.6.1 Joint Loads Due to Uniform Loads 
In'order to evaluate the joint loads due to a uniformly 
distributed load on a slab, it is necessary to make an assumption 
regarding the transfer of load from the slabs to the supporting columns. 
For an elastic analysis of the structure, Section 2103(a) of the ACI 
Code recommends that the structure be analyzed as a series of plane 
frames, the longitudinal and lateral frames being bounded by the center 
1 ine of the panel on either side of the center 1 ine of the columns. 
The total load acting on the portions of the panels included in a plane 
frame is assumed to be borne by the plane frame. For the present 
model, the ACI Code recommendation is used for the plane frame analysis 
of the structure. Hence, if a plane frame girder has panels of width £1 
and £2 on either side ~s shown In Fig. 3.8, and the intensity of the 
uniform loads on the panels is WI and w2 respectively, the intensity of 
the equivalent uniform load on the girder is equal to 0.5 '(w]£(tw2.e2). 
For the space frame analysis, the girders are similarly 
assumed to be loaded by the total load acting on an area bounded by the 
center J inas of the panels on either side of the girders. However, 
this assumption is used only to evaluate the moments in the girders. 
For static equilibrium the joint loads in the vertica1 direction are 
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computed assuming that each column supports the total load enclosed by 
the center 1 ines of the panels adjacent to the column. 
For the space frame analysis, three different loading d~s-
tributions were tested. These are: 
1. The standard two way slab load distribution. This 
distribution does not satisfy statics for flat plates and was, therefore, 
rej ec ted. 
2. The two way slab load distribution plus fixed-end 
torsional mom~nts appl ied to satisfy statics. 
3. The plane frame distribution descri'bed above. 
Since distributions 2 and 3 were found to provide comparable results 
and distribution 3 was easier to apply, the latter was chosen for 
inclusi6n in the analysis algorithm. 
3.2.6.2 Storage of Loads 
Since the solution of th~ structure proceeds by stories, the 
joint loads of each story are required separately. It is, therefore, 
convenient to generate the joint loads by stories, and have only the 
joint load~ of one story at a time in memory during the solution 
process. The joint lo~ds of a story wil] henceforth be referred to as 
story loads. 
The joint load vectors for all the input loading conditions 
are determined on the assumption that the analysis alternative is space 
frame Alternati.ve 1. As each loading is read, the joint load vector 
for each story is created ahd immediatel~ stored on secondary storage. 
The joint load vectors can then be read off from secondary storage when 
they are required in the analysis procedure and modified for the 
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appropriate analysis alternative as described in the next articleo The 
advantage of generating the joint load v~ctors for space frame 
Alternative 1 is that if any data pertaining to the method of an~lysis 
of the structure is· modified, it is not necessary to read the loading 
data once again and determine the corresponding joint load vectors. 
3.2.6.3 Modification of Joint Load Vectors 
As stated above, the joint load vectors created from the input 
loading data correSpond to space frame Alternative 1. Therefore, whenever 
any other alternative is specified, the joint load vectors have to be 
modifiedo The modifications involved for the various alternatives. are 
similar to the mapping of the joint stiffness matrices into the floor 
matrices (Art. 3.2.5), and also fall into the two categories of omission 
and superposition. 
The 1 ists used for mapping the joint load vectors from space 
frame Alternative 1 to the other space fr~me alternatives and to the 
plane frame alternatives are given in Tables 5 and 6 respectively. 
The joint load vectors for longitudinal ·plane frames are made up from 
joint loads acting in the directions of gerieral ized displacements 1, 3 
and 5 of a space frame joint as depicted in Fig. 3a9(a), whereas the 
joint load vectors for lateral plane frames consist of joint loads 
ac t i n9 in d irec t ions 2, 3 and 4 as shown in Fig. 3,. 9 (b). 5 i nce 1 ate ra 1 
plane frames are analyzed by treating them as longitudinal plane frames, 
it is necessary to reverse the sign of the joint loads acting in 
direction 4 before copying them into the lateral frame joint load 
vectors. 
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3.2~6.4 Treatment of Live Loads 
When the,structure is analyzed with the full 1 ive load on all 
pan~Ls, Ji1e_Uve loads are trt?att?c.f exactly,] ike all the other loading 
conditions. In order to evaluate the maximum effect due to 1 ive loads, 
however, additional loading conditions must be generated internally. 
The corresponding joint load vectors need not be created at the time 
when the loadings are read in, ·but can be generated as needed during the 
solution procedure. The creation of the additional vectors is different 
for space and plane frame analysis, as explained below. 
For space frame analysis, each panel of the structure is 
loaded separately and forms one loading condition. Hence, the 
additional number of loading conditions is equal to. the total number of 
panels in the structure. The fixed-end r~actions of the ideal ize~ 
girders are determined and copied into the joint load vector corres-
ponding to the loaded panel. The remaining terms in the vector are set 
equal to zero. The joint load vectors are created directly for the 
particular analysis alternative specified. 
For plane frame analysis, each, girder is loaded separately. 
Hence, the number of additional loading·conditions is equal to the number 
of girders in the plane framee The loading of a girder consists of 
loading the panels on both sides of th~ girder. For exterior plane 
frames there is only a panel on one side that can be loaded. The fixed-
end reactions of the girder under consideration are determined and copied 
into the joint load vector correspondih~ to the loaded girder. As for 
space frames, the joint load vectors 'are created directly for the plane 
frame analysis alternative specified. 
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3.2.6.5 Self Weight of the Structure 
The joint Toads due to the self weight of the structure are 
evaluated just before the solution, and added into the joint load 
vector corresponding to the superimposed dead loads~ If no superimposed 
dead loads are specified, the joint loads due to self weight con-
stitute the total joint loads due to dead loads. The locations into 
which the joint loads have to be added are determined directly for the 
particular analysis alternative specified. 
The joint loads due to the self weights of the slabs are 
computed as described for uniform loads in Arta 3.2.6.1. The joint "loads 
due to the self weights of the columns are evaluated only for the 
analysis alternat1ves in which the column axial deformations are con-
sidered. The self weight of a column provides joint loads equal to half 
the weight of the column acting downwards at each end of the column. 
The solution proceeds story by story, starting with the top-
most story. The equil ibrium equations of the complete structure are 
of the form: 
Story 
2 
n 
Kl1 K12 0 
K21 K22 K23 0 
o K32 K33 K34 
o 
o 
o 
K K 
n,n-1 nn 
D11 D12 ••• °It 
°21 °22 ", °2t 
= 
PI} P12··· Pl£ 
P21 PZ2·· .P2£ 
(3.21) 
in which K .. , K .. 1 and n are as defined in Art. 382.1, D .. are the 
I J I, I" IJ 
deformations of story i due to loading j, and t is the total number of 
loading conditions. 
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The solution is a straightforward el imination algorithm, and 
proceeds as follows. For any loading, say the jth, the first two rows 
of Eqo (3.21) yield 
(3. 23) 
El iminating Dlj from Eq. (3.23), using Eqa "(3.22), gives 
(3.24 ) 
in which 
El iminating the story displacements successively, yields in general 
D •• 
IJ 
iI, _ 1 .. /( 
= K,. [P .. -K. "+10'+1 .J I I I J I ,I. I ,J 
i'e '\ -1 
= K .. -K .. 1 (K. 1 . 1) K. 1 . I I I , I'" !..., I'" I'" ,I 
• ..l.. ",;'( ... 1 it, 
P :'. = P ..... K . . I (K. 1 . l)P. 1 . 
I J I J I , I ... I"', I'" I ..., J 
(3 • 25) 
(3.26 ) 
(3.27) 
~'A 
For each story, the inverse of the effective floor stiffness matrix K~., 
I I 
. .,f .. 
the effectfve load vectors P~., and the cross stiffness matrix K .. 1 
. I J "I, I'" 
are evaluated and written on secondary ~torage for use during the back-
substitution phase, before proceeding to the next story. For the last 
story, the procedure yields 
D • 
nj (3.28 ) 
which is the solution for D •• Next, backsubstituting into Eq. (3.25) 
nJ 
and proceeding story by story from story n to story 1, all the unknown 
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story dispJa~ements can be computed. For each story, the displacement 
vectors corresponding to each or the t loading conditions are evaluated 
and written on secondary storage before proceeding to the next story. 
3.2.8 Back-Substitution 
The objective of the back-substitution process is the deter-
mination of the member end forces and the derived forces along the 
length of the girders, collectively referred to as the member stress 
resultants. The member end forces are computed from the member end 
deformations, which in turn are determined from the joint displ.acements 
of the structure. Therefore, the general ized story displacements written 
on secondary storage at the end of the solution process must be brought 
into primary memory. The member forces are evaluated story by story 
starting with the 'topmost story. For columns, it is necessary for the 
displacements of two stories to be in core simultaneously. This is 
accompl ished by reading in the displacements of the first two stories 
when determining the member forces of the topmost story, and after that 
reading in only the displacements of the next lower story each time. 
3.2.8.1 Evaluation of Member Deformations 
For most of the analysis alternatives, the general ized story 
displacements correspond directly to the joint displacements. For space 
frame Alternatives 5, ,6, 8 and 9, however, the story displacements must 
be transformed back into joint displacements using Eqs. (3.12) to (3.14). 
The member end deformations are evaluated from the joint 
displacements by means of a straightforward mapping procedure. The 
1 ists used are given in Table 7 for the space frame alternatives, and in 
Table 8 for the plane frame alternativese The internal numbering of the, 
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member end deformations of slabs and space frame columns is illustrated 
in Fig. 3.10, while the numbering for plane frame girders and columns is 
5 hown i n Fig. 3. 1 1 . 
3.2.8.2 Member End Forces 
The member end forces act in the directions of the general ized 
member end displacements, and are given with respect to the global axes 
by the relation 
[p} = [K ][0 } +{f} 
m m 
(3.29 ) 
in which the vector om represents the member end deformations, and f· 
represents the fixed-end reactions of the members. 
A space frame member has six stress resultants at each end of 
the member, whereas a plane frame member has three at each end. The only 
end stress resultants required for the design of the structure, however, 
are the bending moments and reactions of the girders, and the bending 
moments and axial forces of the columns. The required quantities are 
evaluated using the appropriate formulas extracted from Eq. (3.29). 
3.2.8.3 C6lumn Axial Forces 
When the axi~l deformations of the ~olumns ·are considered, the 
column axial forces are automatically evaluated as ~art of the stress 
resultants. However, when the axial deformations of the columns are 
neglected, the ·stress resultants. in the direction of the column axial 
deformations ~re zero, and it is necessary to evaluate the column axial 
forces by statics as follows. 
For a particular loading condition, the axial force in a column 
is evaluated as the sum of three quantitie~. These are: 
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a) The gravity loads acting upon the floor area supported by 
the co i umn. 
b) The sum of the unbalanced moment reactions of the girders 
framing into the column. The sign of the reaction is positive if the 
column is at the negative end of a longitudinal girder, or at the 
positive end of a lateral girder. 
c) The cumulative value of the vertical load from a11 the upper 
floors. This quantity is obtained by maintaining an array which contains 
the current value of the vertical load from above. The array is updated 
as each story is processed. When computing the column axial forces due 
to dead loads, the self weight of the columns is also added into the 
array" 
When the structure is analyzed as a series of plane frames, the 
above procedure yi.elds two values for the axial'force, one corresponding 
to the longitudinal frame and the other to, the lateral frame the column 
occurs in." The larger of the two values is used for the design of the 
column. 
3.2.8.4 Maximum Positive Moment along Girder Spans 
In addition to the member end forces evaluated from Eq. 
it is necessary for design purposes to evaluate the maximum positive 
moment along the girders. 
For a loaded girder AS, the moment at a distance x from end A 
is given by: 
in which w is the intensity of the uniform load, L is the length of the 
girder, and MA and'M S are the girder end moments. The position of 
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maximum moment may be obtained, using Eq. (3.30), as 
LA 
- -
w 
(3.31) 
where 
(3.32) 
Us i n g E q s. (3. 31) and (3. 32) in E q • (3 . 30), t he max i mum 
positive moment is obtained as: 
M (x-) _- wx (L -x) ~~--- - M-~·x 2 A' (3.33 ) 
Although the ~aximum positive moment generally does not occur at the 
middle of a girder, it will henceforth be referred to as the midspan' 
moment. 
For a girder that is not loaded, the bending moment at midspan 
is evaluated in 1 ieu of the maximum positive moment. It is given by 
M(h) = .. MA #1S (3.34) 
2 2 , 
3.2.8.5 Live Load Stress Resurtant~ 
When the full 1 ive load is appl led on all the panels of the 
structure, the 1 ive load member stress resultants are evaluated as 
described in Arts~ 3.2.8.2 to 3.2.8.4. When the maximum stress 
resultants due to live"loads have to be determined, however, the 
maximum positive and negative end moments and the maximum positive and 
,negative midspan moments are accumulated as follows: 
a) End Moments. Th~ maximum positive and negative end moments 
are obta~ned by selec::tively summing the en'd moments due to the live 
loading of each panel qf the structur.e. For example, if the end moment 
due to the loading of a particular panel is negative, it is added into 
the corresponding value for the maximum negative moment. 
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b) Midspan Girder Moments. As each panel loading is con-
sid ere d , i tis ne c e 5 5 a r y to de term i n e wh e the r the loa din 9 c au s e s a 
positive or negative moment increment at midspan of the girder under 
consideration. For this calculatlon 3 it is considered satisfactory to 
assume that the maximum positive moment occurs at midspan. 
The moment increment is computed using Eq. (3.33) if the girder 
is loaded, and Eq. (3.34) if it is not loaded. If the moment increment 
is positive, the corresponding end moments MA and MB are added into the 
sums of the end moments corresponding to the maximum positive midspan 
moment due to 1 ive loads, M~ and M~. Similarly, if the moment increment 
is negative, MA and MB are added into the sums of the end moments 
corresponding to the maximum negative midspan moment, M~ and M~. After 
A all panel loadings have been considered, the accumulated values of Mp 
and M ~ are use din E q . (3 . 3 1) to de term i net h e po 5 i t ion 0 f t he max i mum 
positive moment, x, and then E"q. (3.33) is.used to determine the 
maximum positive moment. A B The accumulated values of MN and MN are 
substituted into Eq. (3.34) to yield the maximum negative midspan moment .. 
3.3 Loading Combinations 
The objective of the loading combination procedure is to 
determine the design quantities of the members, described in Art. 2.5) 
from the member stress resultants previously calculated. The stress 
resultants for each loading condition are stored in arrays so that when 
the stress resultants due to all the loading conditions have been 
determined, they can be combined as specified in the loading combination 
data in order to yield the required design quantities. 
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The admissible types of loading combinations, i.e., 'AND' and 
'OR' combinations and the capabil ity for specifying reversible loadings 
have been described in Art. 2.4. Stated more expl icitJy, these 
faci 1 ities allow several "loading units " to be selectively summed in 
order to yield the maximum possible stress resultants. A loading unit 
is defined herein as one of the following: 
1. A non-reversible loading. 
2. A revers ible loading, i.e., one that can occur in both 
directions. 
3. An 'OR' combination between two non-reversible loadings. 
4. An 'OR' combination between a non-reversible loading and 
a reversible loading. 
5. An 'OR' combination between two reversible loadings. 
Because of the nature of dead loads, it is assumed that dead loads can 
never be part of an 'OR' combination, since a legitimate comparison 
cannot be made. Moreover, both dead and 1 ive loads are considered to 
be non-reversible by nature. Hence, dead loads can belong only to 
loading unit 1, whereas 1 ive loads can belong only to loading units 1, 
3 and 4. 
3.3.1 Loading Combinations for Girders 
The design quantities of a slab consist of the maximum positive 
and negative end and midspan moments of the four girders bordering the 
slab. Therefore, each girder has six design quantities consisting of the 
maximum positive and negative moments at ends A and B and at midspan. 
For the midspan moments, the maximum moment for each loading 
condition is directly superimposed. It is recognized that since the 
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location of the maximum moment is not the same for different loading 
conditions, the values thus obtains are somewhat conservative. 
The design quantities of the girders are obtained by fLnding 
the maximum values 'among the combined stress resultants due to the 
specified loading combiriations. The first step, therefore, is to 
determine the combined stress resultants due to each loading combination. 
These consist of the maximum positive and negative moments at ends A and 
- - + - + -B of the girder, MA, MA, MB, MB, and the maximum positive and negative 
+ -
moments at midspan, M , M. The combined stress resultants are evaluated 
c c 
·by accumulating the stress resultants due to the loading or loadings in 
each loading unit belonging to the loading combination, in accordance 
with the ru 1 es given in Tab Ie 9.' 
For a particular loading condition, the stress resultants of 
a girder consist of the end moments MA and MS' and the midspan moment 
M. When the maximum stress resultants d~e to 1 ive loads are evaluated, 
c 
however, the equ ivalent of a .loading combination of all the addi tional 
loading conditions has already been performed, as described in Art. 
3.2.8.5. Hence, there is a value for every summing location provided 
for accumulating the combined stress resultants. This difference 
requires some additional processing, not described herein, when maximum 
1 ive load effects are included in loading units 3 or 4. 
3.3.2 Loading Combinations for Space Frame Columns 
For the design of a column, it is desired to evaluate the 
critical combination of axial force and moments. Towards this end, 
five sets of the quantities P, M and M are accumulated for each end 
x y 
of the column. If only non-reversible 1oadings, and JOR J combinations 
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of reversible and non-reversible loadings occur in a loading combination 
(loading units 1, ~,"4 and 5), the five sets of quantities correspond to 
the following criteria: 
1. Maximum axial force, p, on the column. 
2. Maximum positive bending moment about the X axis, M . 
x 
3. Maximum negative M 
· x 
11- • Maximum positive M 
· y 
5. Maximum negative M 
· y 
The stress resultants corresponding to each loading condition 
consist of P, M and M for each end of the column. The action taken to 
x y 
accumulate the above five sets of quantities can be illustrated by 
cons i der i ng a non-reversible loading for which P, M and M are all 
x y 
positive. In this case P, M and M are added into set 1 because P is 
x y 
positive, into set 2 because M is positive, and into set 4 because M 
x y 
is positive. 
The actions taken when loading units 1, 3, 4 or 5 occur in a 
loading combination are described in Table 10 with reference to the 
accumulation of P, M and M associated with the maximum axial force and 
x y 
the maximum positive value of M. The qther sets of quantities are 
x 
accumulated similarly. 
When dead loads occur in a loading combination, the stress 
resultants P, M and M due to dead loads are added into all five sets 
x y 
of quantities. 
When the maximum 1 ive load effect is considered, values for 
P, M and M corresponding to all five sets of quantities are 
x y 
accumulated beforehand by the equivalent of a loading combination of 
all the additional loading conditions. For loading unit 1, these 
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values are added directly into the ·five sets. For loading units 3 and 4, 
which involve lOR' combinations with a non-reversible and a reversible 
loading, respectively, the appropriate comparisons are made to obtain 
the maximum possible contributions to the five sets of quantitiese 
When a reversible loading (loading unit 2) occurs ina loading 
combination, the actions taken to accumulate the five sets of quantities 
are described in Table 11 for the first two sets. The other sets are 
accumulated similarly. For the set associated with maximum P, the 
loading is considered to act in the direction that produces a positive 
axial force, and the corresponding values of P, M and M are added ·into 
x y 
the set for each end of the column. For the remaining four sets of 
quantities, associated with the maximum moments, the direction of the 
loading for each set is considered to be the direction which produces the 
maximum increase in the absolute sum of the moments M and M. Thus, 
x y 
when reversible loadings are specified, the design quantities accumulated 
do not correspond exactly to the general criteria given above, but they 
do represent the critical combinations of axial forces and moments. 
Because of the criterion used, it is preferable for the reversible 
loadings in a loading combination to be ,processed after the non-reversible 
loadings. 
3.3.3 Loading Combinations for Plane Frame Columns 
The combination procedure is exactly the same as for space. 
frame columns. However, the number of sets accumulated is different, as 
described below for longitudinal and lateral frames. 
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a) Longitudinal Frames. Three sets of the quantities P and M y 
are accumulated for each end of a columne These correspond to the 
following criteria: 
1. Maxim"um axial load, P. 
2. Maximum positive M . 
Y 
3. Maximum negative M . 
Y 
b) Lateral Frameso Three sets of 
accumulated for each end, corresponding to: 
1. 
3. 
Maximum axial load, P. 
Maximum positive M 9 
X 
Maximum negative M • 
x 
3.4 Design Quantities 
quantities P and M are 
x 
The maximum combined stress resultants obtained by considering 
all the loading combinations are the design quantities. As the combined 
stress resultants due to each specified loading combination are 
evaluated, they are compared with the current maxima, and the latter are 
updated before proceeding to the next loading combination. In this 
manner, when ai i the ioading combinations have been considered, 
required design quantities are contained in the current maxima. 
the 
"'1'"1--
lilt:: 
design quantities for slabs and columns obtained via space or plane frame 
analyses are described below. 
3.4.1 Slab Design Quantities and Design Moments 
The maximum combined stress resultants of the four girders 
bordering a slab constitute the slab design quantities. 
When a space frame analysis is performed, the maximum combined 
stress resultants of all the girders are obtained together, and are 
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directly copied as the slab design quantities. On the other hand, a 
plane frame analysis yields only the maximum combined stress resultants 
of some of the girders, which are copied into the appropriate slab 
design quantities. The design quantities for ail the slabs are there-
fore not obtained until- all the plane frames have been anaiyzedo 
The design quantities for a slab consist of twelve positive 
moments and twelve negative moments at the locations indicated in Fig. 
2.7(a) 0 Before these moments can be used to evaluate the steel 
required for the slabs, they are converted into column and middle strip 
moments in accordance with Table 2103(c) of the ACI Code. This resu~ts 
in pos itive and negative column and middle strip moments at the eighteen 
locations shown in Fig. 2.7(b). 
In accordance with Section 2I01-(d) of the ACI-Code, a slab is 
considered to consist of strips in each direction as fa1 lows: a middle 
strip one-half panel in width, symmetrical about the panel center 1 ine 
and a column strip consisting of the two adjacent quarter-panels, one on 
each s ide of the column center 1 ineo 
The contribution of the design quantities to the column and 
middJe strip moments is determined by di.viding the design quantities 
between the two strips according to the percentages given in Table 
2103(c) of the ACI Code. In the case of interior girders, the column 
and middle strip moments have to be divided between the two adjacent 
slabs in pr?portion to their widths perpendicular to the girder. The 
column and middle strip moments are further divided by the corresponding 
strip widths to yield the design moments per foot width of the slab. 
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3.4.2 Column Design Quantities 
A space frame analysis yields five sets of the quantities P, 
M and M for each end of a column, as described in Art. 3.3.2. These 
x y 
quantities are the maximum quantities obtained considering all the 
loading combinations. However, for the purpose of design we do not need 
the quantities corresponding to both the maximum positive and maximum 
negative moments about the X and Yaxes. Consequently, the five sets 
of quantities are reduced to three sets of design quantities for each 
end of a column, corresponding to the criteria: 
2. 
Maximum axial force. 
Maximum moment about the x axis, M . 
x 
Maximum moment about the y axis, M • 
Y 
Set 2 is obtained by comparing the absol~te values of the maximum 
positive M and the maximum negative M obtained as a result of all the 
x x 
loading combinations, and choosing the larger. Set 3 is obtained 
similarly. 
A plane frame analysis yie1ds three sets of quantities for each 
end of a column as described in Art. 3.3.3. When the maximum positive 
and negative moments are compared, and the set of quantities corres-
ponding to the larger value chosen, two sets of quantities remain for 
each end of the column. For longitudinal frames these correspond to: 
la. Maximum axial force. 
2a. Maximum moment about the Y axis, M • y 
For lateral frames the two sets of quantities correspond to: 
lb. Maximum axial force. 
2b. Maximum moment about the X axis, M • 
x 
60 
The design ,quantities of ~ column are derived by combining the above four 
sets of quantities from the analyses of the longitudinal and lateral 
frames that the column belongs too Two sets of design quantities.are 
establ ished for each end of a column. The first set, associated with 
the maximum p, is obtained by taking the larger of the axial forces, 
given by la and Ib, and the corresponding moments M and M e The second 
, x y 
set is obtained by taking the maximum values of M and M from the y x 
longitudinal and lateral frame analyses and the larger axial force 
associated with the two moments. Therefore, the two sets of design 
quantities are as follows: 
1. Maximum axial force, p, and M and M associated with the 
x y 
maximum axial force from the lateral and longitudinal analyses. 
2. Maximum moment M , maximum moment M , and the larger 
x y 
corresponding P. 
tities are copied directly into the array provided for them~ In the 
case of a plane frame analysis the array of design quantities is filled 
gradually aseaeh plane frame is analyzed. 
3.5 Checking of Members 
The procedures employed to check the design of sl~bs and 
columns by the working stress and ultimate strength design'methods are 
described below. These procedures are used both for checking a 
structure and as part of the design process. 
3.5.1 Checking of Slabs 
The checking procedures for singly and doubly reinforced 
sections are presented below. 
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3.5.1.1 Checking of Singly Reinforced Sections 
a) Working Stress Method. Figure 3.12 shows a singly rein= 
forced section. The effective depth 'of the section, d, is given by: 
0.35) 
where dt is the total depth of the slab and de is the minimum clear cover 
for the steel. The input data includes the· values of the minimum top and 
bottom clear covers, and the appropriate value is used depending upon the 
direction of the appl ied moment. The additional i inch represents an 
approximation for half the diameter of the main reinforcing bars. 
Consider a one foot wide strip of the slab. If A is the area 
s 
of tensile steel provided per foot of width, the depth of the neutral 
axis is located by: 
k = j2pn+(pn)2 '- pn 
where p = A 112d, and n is the modular ratio 
s 
given by: 
jd = d(l 
- ~) 
and the tensile steel stress, f , by 
s 
E IE 
5 c 
where M is the appl ied moment acting at the section. 
f i be r co n c re t est re s s, f , i s ob t a i ned from: 
c 
f 
f -....2.. (~) 
c - n d-kd 
(3.36 ) 
The 1 eve r arm i s 
(3 · 37) 
0.38) 
Finally, the extreme 
(3.39) 
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b) Ultimate Strength Method. The section is checked in 
accordance with the provisions of Section 1601 of the ACI Code. 
The effective depth of the section is determined from EqQ 
(3.35), and the rei~forcement ratio, Pb' which produces balanced con-
ditions at ultimate strength is evaluated from: 
87, 000 
87,000+f y 
(3.40 ) 
where f' is the compressive strength of the concrete, f is the yield 
c y 
strength of the reinforcement, and k1 is specified in Section 1503(9) 
of the ACI Code as: 
(3.41) 
Considering a one foot wide strip of the slab, the reinforcement 
ratio p is equal to: 
A 
s 
p = T2d (3.42 ) 
A check is made to ascertain that p does not exceed O. 75Pb' as required 
by the code. If p S 0. 75Pb' the ultimate r~sisting moment of the section 
is evaluated from 
in which the coefficient ~ is equal to 0.90, and a is given by: 
A f 
a - s y = 
- O.85f'b 
c 
A f 
s y 
10. 2f' 
c 
3.5.1.2 Checkinq of Doubly Reinforced Sections 
(3044 ) 
a) Working Stress Method .. The semielastic method (4) is used to 
check the section. The positive and negative appl ied moments are con-
sidered in turn, the positive moment, Mp' being considered first." 
Referring to Fig. 3.13, the effective depth d and the top cover d
' 
of 
the section are equal to 
3 d = d t ... dbc - 8 
d' = d + 1 te 8 
. (3. 45) 
(3046 ) 
in which dtc and dbc represent the top and bottom clear covers for the 
5 tee I 8 
Consider a one foot wide strip of the slab, and let A and A' 
s s 
represent the tensile and compressive steel areas provided per foot of 
width. Assuming tnat the effective modular ratio for the compression 
reinforcement is 2n and that the compressive steel stress, fl, is less 
. s 
than the allowable stress, fsa' the neutral axis is located by: 
k = d' 2 L 2 2(2n-l)p'~ +2pn+n (2p'+p - n ) I n (2p'+p ... L) 
n 
where p = A /12d and pi = A' /12d. The lever arm is given by: 5 s 
j d = d - d' 
The tensile and compressive steel stresses are given by: 
f 
s 
fl = 2f 
s s 
kd ... d' 
d-kd 
and the extreme fiber concrete stress is given by Eq. (3.39)0 
(3 G 47) 
(3.48) 
(3049) 
(3. 50) 
If fl is greater than f ,Eqs. (3.47) to (3.50) are invalid, 
s sa 
because they are based upon the assumption fl < f 
s sa 
The fo 1 low i ng 
procedure is then used to determine the steel and concrete stresses. The 
compressive steel stress f' is set equal to f ,and f is determined by 
s sa c 
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taking moments about the tensile steel as: 
0.51) 
In EgG (3.51) kd is unkn9wn, but, as a first approximation, the value 
of kd given by Eq. 0.47) is used. An improved value for the depth of 
the neutral axis is now obtained, by equating the total tompressive and 
tensi 1e forces, as the root of the quadratic equation: 
in wh ich 
kd = 
/2 · 
... b+b ... 4ac 
a = 6f 
c 
b = A I (f -f )+A nf 
s sa c s c 
c = f (A'd'-A nd) 
c s s 
2a o · 52) 
After eval uating kd us ing Eqo (3 .. 52), Eqs. 0.51) and 0.52) are repeated 
once to improve upon the approximation for kd, and then f is determined 
s 
from 
f = nf d-kd 
s c kd 0.53) 
When the steel and concrete stresses due to the positive 
moment have been computed, the negative moment acting at the section, M , 
n 
is considered. For a negative moment, the values of d and d' are 
o. 54) 
d' = dbc + i (3.55) 
and, since the direction of the moment is reversed, the previous tensile 
steel, A , acts as the compressive steel, A', and vice versa. Using the 
s s 
new values for d, d', A and AI, and M in place of M , the procedure 
s 5 n . p 
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given above is repeated to yield the steel and concrete stresses due to 
the negative moment. 
b) Ultimate Strength Methodo The section is checked in 
accordance .with the provisions of Section 1602 of the ACI Code. 
The positive and negative moments acting at the section 
are considered in turn. For the positive moment, M ,the effective p 
depth d and the top cover d ' of the section are computed from Eqs. 0.45) 
and (3.46). Before the resisting moment of the section can be evaluated, 
it is necessary to check whether the compression steel yields at 
ultimate strength, i.e., whether 
f'd' 
c 87,000 P"p' _> 0.85k1 --f d 87,OOO-f y y 
(3.56 ) 
When the inequal ity 0.56) is not satisfied, the ultimate 
resiting moment of the section is computed as for a singly reinforced 
section, and is given by Eq. (3.43). 
When (p_p') satisfies the lnequal ity (3.56), the code 
stipulates that (p_p') must not exceed 0.75 times the value of Pb given 
by Eq. 0.40). If this condition is satisfied, the ultimate resisting 
moment of the section fs given by 
where § is equal to 0.90, and a is given by 
0.58) 
For the negative moment acting at the section, Mn' the 
effective depth and top cover of the section are given by Eqs. 0.54) 
and (3.55). Using these values of d and d', and reversing the roles 
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of A and A', the negative ultimate resisting moment is evaluated in the 
s s 
same manner as the positive moment. 
3.5.2 Checking of Columns 
The first step in the column checking procedure is the deter-
mination of the effective column length and the corresponding strength 
reduction factor. Next, the column desigri quantities are increased to 
account for the strength reduction, and the column is then checked using 
the appropriate formulas for short columns given in Chapters 14 and 19 
of the ACI Code for the design of columns by the working stress and 
ultimate strength design methods, respectivel~. 
3.5.2.1 Determination of Effective Length 
The effective length of a column is determined as per Section 
915 of the ACI Code. In the case of analysis alternatives in ~hich 
sidesway is not considered, the effective length, hi, is equal to the 
actual length h of the column. When sidesway is permitted, the end 
conditions of the column are determined by evaluating r', which is 
. '\ EI . '\ EI defined as the ratio of L ~ of the columns to ~ ~ of the floor members 
in a plane· at one end of the column. The value of ri is evaluated for 
both planes and then ~veraged at each end. If the average value of r' 
is greater than 25 at either end, the end is considered to be hinged, 
otherwise it is regarded as being restrained against rotation. For 
columns restrained against rotation at one end and hinged at the other 
end, the effective length is given by 
hi = 2h(O.78+0.22r
'
) ~ 2h (3. 59) 
where r' is the value at the restrained end. For columns restrained 
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against rotation at both ends, the effective length is given by 
hI = h(O.7B+Oe22r') > h (3.60 ) 
whe re r lis the ave.rage of the va 1 ues a t the two ends of the col umn. 
3.5.2.2 Strength Reduction Due to Length 
In order to compensate for the strength reduction of a column 
due to its length, the column design quantities are increased as 
recommended in Section 916 of the ACI Code. It is assumed; however, 
that the design of the columns is governed by compression .. If, in fact, 
a section is governed by tension, the increased design quantities us~d 
will be somewhat conservative, which is considered acceptable. 
For the analysis alternatives in which sidesway is neg1.ected, 
the reduction factor by which the column design quantities are divided 
is given by 
h R = 1.07-0.00B - < 1·.0 
. r-
(3.61) 
in which h is the length of the column and ris the radius of gyration 
of the gross concrete section. For the square columns considered, r is 
equal to O.3t, where t is the side dimension. 
When sidesway is not prevented, the reduction factor is obtained 
by using the effective length of the column, hi, in place of h in Eq. 
(3.61). Furthermore, the ACI Code specifies that when the design is 
governed by lateral loads of short duration such as wind or earthquake 
loads, the factor R may be increased by 10 percent. To take this pro-
vis ion into account, it is assumed in the procedure that the maximum 
axial load on the columns is caused by the vertical loading conditions, 
whereas th~ maximum moments are caused by the lateral loads. Hence, the 
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increased reduction factor is used only for the design quantities 
associated with the maximum moments M and M • 
x y 
3.5.203 Checking of Column Section 
The column section is checked separately for each of the six 
sets of design quantities, appropriately increased to account for the 
strength reduction due to column length. Considering B single set of 
design quantities P, M and M , the equivalent eccentrlcities of the 
x y . 
axial load e = M /p and e = M /Pare evaluated. In accordance with 
x x y y 
Section 1901 (a) of the ACI Code the minimum eccentricity for tied columns 
about either principal axis should be 0.1t .. Therefore, the calculated 
eccentricities are compared against o. It and increased if necessary. 
The eccentricities e and e are next compared with the balanced 
x y 
eccentricity for the section, ebe If both the eccentricities e and e 
x y 
are less than or equal to the balanced eccentricity, the column is 
considered to be control led by cbmpression, otherwise it is regarded as 
being tension controlled. 
The formula for the balanced eccentricity, and the relations 
that must be satisfied for compression controlled and tension controlled 
sections in the working stress and ultimate strength methods are 
described below .. 
a) Working Stress Method. In accordance with Section 1407 of 
the ACI Code, the balanced eccentricity is given by 
(3.62 ) 
where p is the ratio of the longitudinal reinforcement to the gross area g 
of the section A , m is equal to f /0.8Sf' and d is the effective depth g y c· 
of the section given by 
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o. 63) 
whe re d lis the dis tance f rom the face of the co 1 umn to the cen te r of 
the vertical reinforcement, as shown in Figo 3.14. The value of d' is 
approximated by 
d I = d +1.0 
cc 
0.64 ) 
where d is the clear cover for the steel specified in the input, and 
cc 
the additional 1.0 inch represents an approximation for the thickness 
of the lateral ties plus half the diameter of the vertical reinforcement. 
For columns controlled by compression, Section 1407 of th~ 
ACI Code specifies that the following inequal ity must hold: 
f f f 
Fa + F
bX + .....E.iF
b 
< 1. 0 
a b b 
0.65) 
where f represents the axial force divided by the gross area of the 
a 
section, f bx and f by are the bending momerit components about the X and 
Y principal axes divided by the section modulus of the respective trans-
formed uncracked section (2n being assumed as the modular ratio for all 
vertical reinforcement), Fb is the allowable bending stress f ,and 
ca 
F = 0.34(I+p m)fl 
a g c 0066 ) 
In order to evaluate the transformed moment of inertia and, hence, the 
required section modulus, it is assumed that the vertical reinforcement 
is evenly spaced around the periphery of the column. When the vertical 
reinforcement consists of four bars at the corners, the transformed 
moment of inertia of the steel about either principal axis is given by 
(3. 67) 
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in which 2n is the modular ratio, A t is the total area of longitudinal 
5_ 
steel and 
, 0.68) 
When the vertical reinforcement consists of more than four bars the 
transformed moment of inertia is given by 
(3.69 ) 
in which k is equal to 0~75 for 8 bars, 0.70 for 12 bars, 0.69 for 16 
r 
bars, and 0~68 for 20 or 24 bars. 
When the column is tens10n controlled, the inequal ity that must 
be satisfied is specified by Section 1407 of the AtI Code as: 
M M 
M
X +r ~ 1.0 
Ox oy 
(3. 70) 
in which M and M ~re the val~es of M for bending about the X and Y 
ox oy o. 
principal axes, whereM_is the allowable bending moment when the 
o 
section is in pure flexure. For symmetrical tied columns M is given by 
o 
(3.71) 
in wh i ch A", is the area of the tens ion 're info rcemen t. 
OJ 
For each set of design quantities, the inequal ity (3.65) is 
checked if the column is compression controlled, and (3.70) is checked if 
the column is tension control1ed9 If either inequaJ ity is not satisfied, 
the column'section is considered to be unsafe. 
b) Ultimate Strength Method. The balanced load for the column 
section is given by Eq. '(19-1), Section 1903, of the ACICode as 
Pb = ~[0.85fltab+(AI-~ )f ] c s s y (3. 72) 
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in which ~ is recommended by Section 1504 of the Code to be equal to 
0.70 for tied compression members, t is the width of the column, A and 
s 
A~ are the areas of tension and compression reinforcement, and ab is 
the depth of the equivaJent rectangular stress block for balanced -con-
ditions, given by: 
(3. 73) 
where cb is the distance from the extreme compression fiber to the 
neutral axis for balanced conditions. 
The balanced eccentricity for the column section is obtained 
from Eq. (19-3) of the ACI Code as: 
a ~[0.85f'ta (d-d 'i- .1?)+A ' f (d-d'-d")+A f dllJ e : ______ ~c ___ b______ ~2~~s~y~ __________ s~y~ __ 
b Pb 
(3 e' 74) 
where d is the distance from the extreme compression fiber to the 
centroid of the tens ion reinforcement, d l , is the distance from the 
extreme compression fiber to the centrofd of the compression reinforce-
ment, and d
" 
is the distance from the plastic centroid to the centroid 
of the tension reinforcement. 
The ACI Code does not make any specific recommendation for the 
treatment of columns subject- to biaxial loads. In this study, the 
ultimate strength of the column, P
ult ' is calculated from,the empirical 
formula given by Bresler(Z) as: 
1 1 1 1 
-'-:-+- ... -
p lt P P P u x y 0 
(3. 75) 
where P and P represent the uniaxial load capacities under eccentric 
x y 
loads along the Y and X axes, respectively, and P rep~esents the load 
o 
capacity of the column-in pure axial compression, given by Eq. (19-7) 
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of the ACI Code as: 
P == 1?[0.85f' (A -A t}+A t f ] 
o c 9 s s Y (3. 76) 
The values of P and P depend upon whether the section is 
x y 
control led by tension or compression. When the section is tension 
controlled, i.e., the equivalent eccentricity of the axial load is 
9 rea te r than the ba 1 anced eccen t ric i ty, the uni ax i a 1 'load capac i ty of 
symmetrically reinforced columns is given by Eq. (19-5) of the ACI 
Code as: 
P u = ~[O. 85f ~ td[ -p+l-e '/d+ j(l-e'/d)2+2P [m' (l-d'/d)+e '/dh 1 
where p == A ltd, e' is the eccentricity of the axial load from the 
s 
centro i d of the tens ion reinforcement, and m' is given by: 
When the section is controlled by compression, the uniaxial load 
(3. 78) 
capacity of the,column is evaluated from Eq. (19-8) of the ACI Code as: 
(3. 79) 
where e is the eccentricity of the axial10ad from the plastic centroid 
of the section. 
For each set of design quantities, Pult is evaluated using 
Eq. (3.75) and compared with the axial load P acting on the column4' The 
column section is consi~ered to be safe is 
P 
-- < 1.0 
Pu1 t -
(3.80) 
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3.6 Design 
IdeaJly~ the design process should consist of an iterative 
loop around the member checking procedures, irrespective of the design 
method used. However, in the existing working stress and ultimate 
strength design procedures, the parameters that can be varied to 
achieve a satisfactory design and the tests required are different. 
Therefore, even though the two design methods are very similar, it was 
found more convenient to devel~p separate design algorithms for the two 
methods, as described below. 
3.6.1 Des ign of Slabs 
The design of a slab consists of determining the depth of the 
slab and the amount and location of steel reinforcement required. A 
description of the determination of slab depths is followed bya 
description of the design of singly and doubly reinforced sections by 
the working stress and ultimate strength methods of design. 
3.6.1. J Determination of Slab Depths 
Unless a slab has beeri specified in the .input to be of a fixed 
depth, the thickness ~f the slab is determinedemprrically. In 
accordance with Section 2104(d) of theACI Code, the slab thickness 
should be the minimum of L'/36, 5 inches, or dt given in inches by: 
( 2c )V Wi .; 1 dt = O.028L' 1 - TtT · f'/2000 + 12' 
c 
(3.81 ) 
where LI is the longer side of the panel in inches, c is the width in 
inches of the supporting columns in the direction considered, Wi fs 
the uniformly distributed unit dead p1us live load in psf, and f' is the 
c 
compressive strength of concrete in psi. Since the sl~b dead lo~d is 
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not known initial ly, it is assumed to be 60 psf plus the superimposed 
dead load. Using this as an initial value, Eqo 0.81) is iterated upon 
twice us ing the improved value of dt to determine WI each time .. The 
width of the supporting columns, c, is set equal to the conservative 
value of 12 inches. 
3.6.1.2 Design of Singly Reinforced Sect~ons 
A section is designed as a singly reinforced section, as shown 
in Fig. 3.12, if both the design moments at the section are of the same 
sign. The section is designed for the numerically larger moment, M. 
a) Working Stress Method. A tria'l value for the area of 
tensile steel is evaluated from 
A 
s 
M 
=---f °d 
saJ 
(3.82) 
where jd is approximated by ~d. The s tee 1 s t res s, f , is eva 1 ua ted us i n9 
s 
Eqs. (3.36) to (3.38), and compared with the allowable stress. If 
f > f a new trial value for the area of steel, A , is obtained from 
s sa sn 
and, using A in place of 
sn 
f s < f When f .( f sa' f sa s 
wi th the allowable stress, 
f 
A =A _s_ 
sn s f 
sa 
A , 
s 
Eqs. O. 36) to (3.38) 
is evaluated using Eq. 
c 
f If f > f ca' it is ca c 
are repeated unt i 1 
(3.39) and compared 
recognized that a 
singly reinforced section is inadequate for the appJ ied moment and the 
section is designed as a doubly reinforced section, using A for the 
s 
trial value of the tensile steel, and for the compressive steel: 
AI = 
S 
75 
11 kd 
-F - f 
c ca 
f (3.84 ) 
sa 
The value of A' in Eq. (3.84) is an empirical relation derived from an 
s 
estimate of the compressive force that should be taken by the com-
press ive steel in order to reduce the concrete stress to an acceptable 
value. 
If, howeve r, it is found tha t f < f ,the va I ues of f and 
c ca c 
f are compared against 0.95 f and 0.95 frespectively. If both 
s ca sa 
f < 0.95 f and f < 0.95 f , the steel area is reduced in 
c ca s sa 
acco rdance with Eq. 0.83) and the check i ng p roces sis repea ted. When 
either or both f > 0.95 f and f > 0.95 f , the design is considered 
G ca s sa 
sat is fac tory. 
b) Ultimate Strength Method. The procedure is essentially the 
same as for the working stress method, except that the ultimate resisting 
moment of the section is compared with the appl ied moment. 
A trial value for the area of tensile steel is evaluated from 
(3. 85) 
where jd is approximated by ~. Using·the trial value for A , the section 
s 
is checked as described in Art. 3.5.1.1 (b), and the ultimate resisting 
moment M is evaluated using Eq. 0.43). If M is found to be less than 
r r 
the appJ ied moment M, a' new trial value ·for the area of steel, Asn' is 
evaluated from 
A = A 
sn s 
M 
. -
M 
r 
(3.86 ) 
and, using A in place of A , the checking procedure is repeated until 
sn s 
M > M. If at any stage of iteration, the reinforcement ratio p exceeds 
r 
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0.75 Pb' where Pb is given by Eq. (3.40), it is recognized that a singJy 
reinforced section is inadequate and the section is designed as a doubly 
reinforced section with 0.75 Pb as the trial value for As' and the 
conservative value of 0.05 sq. in. for the compression reinforcement. 
When M > M, "the design moment is compared against 0.95 M to 
r r 
check the efficiency of the design. If M < O.95M , the steel area is 
r 
reduced in accordance with Eq. (3.86), and the des ign process is repeated. 
3.6.1.3 Design of Doubly Reinforced Sections 
A section is designed as a doubly reinforced section, as shown 
in Fig. 3.13, when the two design moments at the section are of opposite 
signs or when a singly reinforced section is found to be inadequate. 
a) Working Stress Method. The two aRPlied moments are considered 
separately, the positive moment M being considered first. If no trial p 
values are available from an attempted singly reinforced design, a tria) 
value for the tensile steel A is obtained by using M in pJace of Min 
s p 
Eq.(3.82), and a trial value for the compressive steel is obtained from 
M 
n A~ = "'::'f-s-aJ~' d~ 
where M is the negative moment acting at the section, and jd is 
n 
approximated by i (dt-d
'
). 
(3 • 87) 
Assuming that fl< f , the actual lever arm is now determined 
5 sa 
using Eqs. (3.47) and 0.48), and fs is computed from Eq. (3.49) and 
compared with the allowable stress f 
sa 
If f > f ,a new trial value 
s sa 
for the area of steel, A , is computed from Eq. (3.83) and, us ing A 
sn sn 
in place of A , Eqs. (3.47) to (3.50) are repeated until f < f 
s s sa 
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When f < f , the extreme fiber concrete stress is evaluated 
s sa 
using Eq. 0.39) and is compared with the jal lowable stress f If 
ca 
f > f , the area of compression reinforcement is increased to a new 
c ca 
trial value A' using: 
sn 
f 
A' = rnA' c 
sn s f 
ca 
0.88) 
where m is an empirical factor which is varied for rapid convergence as 
fo 11 ows : 
For AI :=; 0.5 sq. j ns. , m ::: 2.0 s 
For AI ::s; 1.0 sq. ins. , m = 1.5 s 
For AI > 1.0 sq. ins. , m = 1 .25 s 
The new value for the compression reinforcement, A~n' is used in place 
of A' and Eqs. 0.47) to 0.50) are repeated unti 1 f < f • When 
s c ca 
f < f ,the compressive steel stress is compared with the aJ lowable 
c ca 
stress. If f' > f , the calculated stresses f and fare inval id, 
s sa c 5 
because they are based upon the assumption fl < f . The compressive 
s sa 
steel stress is then set equal to f ,and f is computed from Eq. 
sa c 
0·51) . If f is found to be greater than f ,.the area of compression c ca 
reinforcement is increased in accordance with Eq. (3.88), and the whole 
des i gnp roc e s sis r e pe ate d.. Whe n f < f , the te n s i 1 est eel s t re s sis 
c ca 
de term i ned us i n g E q s. (3 . 5 1) toO. 5 3 ), as des c rib e din Art 0 3. 5. 1 • 2 (a) • 
If the evaluated stress f is greater than the a1 lowable stress, the 
s 
area of tensile steel is increased in accordance with Eqo (3.83) and the 
design process is repeated. 
When all the stresses due to the positive moment areequaJ to 
or less than the allowable values, the design procedure is repeated for 
the negative moment to yield updated values for A and AI. 
s 5 
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The acceptabil ity of the design is checked as follows. 
Denoting by fcl and fsl the concrete and tensile steel stresses due to 
Mp' and by fc2 and fs2 the same quantities due to Mn' fcl and fc2 are 
compared against O.95 f ca , while fsl and fs2 are compared against O.95 f sa o 
If at least one of the 'stresses is greater than 0.95 times the 
allowable stress, the design is accepted. Otherwise fsl is compared 
with fs2 and the following actions taken: 
f 
s 1 If. f :;;; f s2 A = A s 1 sn s f 
fsa 
If f > fs2 AI = AI ....21 s 1 sn s f 
sa 
Using the new trial values for the reinforcement, the design procedure 
is repeated for both the positive and negative moments until an' 
acceptable design is attained. 
(b) Ultimate Strength Method. The positive momen t, M , p 
acting at the section is considered first. In the absence of previous 
trial values, a trial value for A is obtained by using M in place of 
s p 
Min E q . (3 • 85), and a t ria 1 val u e for A lis 0 b t a i ned from 
s 
M 
n A~ = f yj d 
where j d is taken as ~(dt ... d'). 
(3. 89) 
The trial section is checked as described in Art. 3.501.2(b). 
If (p-p') is found to be greater than 0. 75Pb' A~ is reduced such that 
p-p' = O. 75P bo (3.90 ) 
A check is now made to determine whether the inequal ity (3.56) is 
satisfied. If it is, the ultimate re~isting moment of the section M 
r 
i s e val u ate d from E q. . (3. 57) . 
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If Eq. 0.56) is not satisfied, the value of p is checked 
against O. 75Pb and the following actions ta ken. If p ~ O.75Pb' Mr is 
computed as, a singly reinforced section from Eq. (3.43)0, If p >- O. 75Pb' 
p is set 
however, 
adj us ted 
evaluated 
equal to O. 75Pb and M is then computed from Eqo (3043). r 
the value 
such that 
from Eq. 
After M 
r 
of M given by Eq .. (3.43 ) is inadequate, A r 5 
the inequal ity (3.56 ) is satisfied and M is 
r-
(3.57) · 
has been evaluated, it is.compared with Mn" 
tJ 
is 
If 
M < M , the area of tensile steel is lncreased in accordance with 
r p 
Eq. (3.86), and the checking procedure is repeated unti 1 M > M • 
r - p 
If, 
When M > M , the entire design procedure is repeated for the 
r - p 
negative moment, M " 
n 
In order to check the efficiency of the design, letting M 
rp 
and M represent the posi:tive and negative ultimate resisting moments, 
rn '" 
respectively, Mp is compared with 0.95 M. and M with 0.95 M • If 
rp n rn 
at least one of the appl led moments M or M is greater than 0.95 times p n 
the resisting moment, the design is accepted. Otherwise, M 1M is p rp 
compared with M 1M and the following actions taken: 
n rn 
M M M 
If ....E...... < .....!l..... A = A ....E...... M - M sn s M 
rp rn rp 
M M 
If ....E...... > _n_ 
M M 
rp rn 
Using the new trial values for the reinforcement, the design procedure 
is repeated until an acceptable design is obtained. 
3.6.2 Design of Columns 
The design of a column consists of checking an as~umed section 
80 
and modifying it, if necessary, until the desired efficiency is attained. 
3.6.2.1 Checking and Modification of Column Sections 
The trial concrete area of a column is obtained from the input 
trial side dimension. The trial steel area is calculated from the input 
trial steel percentage times the concrete area, and then rounded up to 
the nearest value found in a built-in table of steel arease This table 
of areas corresponds to 4, 8, 12, 16, 20 or 24 bars ranging from #5 to 
#11 bars. The bars· are assumed to be placed symmetrically around the 
four sides of the column. 
The trial section is checked for each of the six sets of design 
quantities, appropriately increased for the strength reduction due to 
column length. The checking procedure is described in Art. 3~5.2.3. In 
the working stress method, the inequal ity (3.65) is checked if the 
column is compression controlled, and (3.70) is checked if the column 
is tension controlled. In the ultimate strength method, the inequal ity 
(3.80) is checked. 
In either method, if the appl icable inequal ity is not satisfied 
the trial section is revised as follows. First, an attempt is made to 
increase the steel area until the appropriate inequal ity is satisfied. 
If the steel area cannot be increased without exceeding the maximum 
allowable steel percentage, the side dimens ion of the column, t, is 
increased by one inch and the area of steel made as close as possible 
to the maximum allowable steel percentage. 
The checking procedure is repeated and the column section 
gradually revised until all six sets of design quantities satisfy in-
equal ity (3.65), (3.70) or 0.80). A measure of the efficiency of the 
design is retained by ~toring the value of the Teft hand sides of 
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inequalities 0.65), 0.70) or (3.80) for each of the six sets of design 
quantities. 
3.6.2.2 Reducing of Overdesigned Sections 
The efficiency of the designed section is assessed by com-
paring the stored "efficiency factors ll against 0.95. If anyone of the 
six factors is greater than 0.95, no attempt is made to reduce the 
section. If, on the other hand, all six factors are less than 0.95 an 
effort is made to reduce the section. In order to avoid getting caught 
in a loop, however, if the steel or concrete area of a section has been 
increased during the checking procedure, suitable flags are set so that 
no attempt is made to reduce the corresponding quantities even when the 
efficiency is below 95 percent. 
The procedure employed to reduce the section is as follows. 
If the concrete area of the column has not been increased during the 
checking phase, the column side dimensions are reduced by one inch and 
the new trial value for the area of steel is set as close as possibie 
to the maximum allowable steel percentage. The checking procedure is 
then repeated for the new trial section. If, on the other hand, the 
concrete area has been increased but the steel area has not, an attempt 
is made to reduce the steel area in proportion to the largest efficiency 
factor. The reduced value is then rounded up to the nearest value in 
the built-in table of steel areas. If it is found that the area of steel 
remains unchanged, it is assumed that the section cannot be reduced any 
further. If the area of steel is in fact reduced, the checking pro-
cedure is repeated for the new trial section. 
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The above process is continued until the section has been 
refined to such an extent that neither the concrete nor the steel area 
can be further reduced. 
3.7 Design of Member Groups 
The data pertaining to member groups are read in as part of 
the input data and stored for later use du·ring the design phase. The 
descr iption of the storage is followed by a description of the design 
of member groups. 
3.7.1 Storage of Group Information 
a) Slabs. The three types of slab groups incorporated into 
the model, namely, slabs with fixed depth, slabs with equal depth and 
identical slabs, are described in Art. 2.6.2., 
Three memory locations are reserved per slab corresponding to 
the three types of groups. When a slab belongs to one of the slab 
groups specified, the group number is recorded in the appropriate 
location corresponding to that slabo In addition, for slabs of fixed 
depth, the depth as input is stored in a location corresponding to the 
group number. Note that it is possible for a slab to belong .to a group 
of slabs with equal depth as well as to a group of identical slabs. 
b) Columns. Two categories of column groups are included in 
the model, as described in Art. 2.6.2& 
The data perta i n i ng to the fi rst category, i.e., preass igned 
groups, are stored in two locations per column. If a coiumn beiongs 
to a group of columns of equal dimensions, the group number is stored 
in the first location. If it belongs to a group of identical columns, 
the corresponding group number is stored in the second location. Along 
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with the data pertaining to every group of columns of the first category, 
a trial size is also read in and stored according to the group number. 
This trial size is used to determine the member properties and the self-
--- -·--we Tg-IlT-0 r--the---coT-um n s-:---lor--aTr-coTumn-s-th-at-cfo- not n to any 
group, a single common size is input and used as the first trial value. 
The second category consists of program selected groups of 
columns based upon specified constraints. The constraint adopted in 
the present model is the area of the columns. The information that has 
to be stored for each group is the type of group, i.e., a group of 
columns of equal dimensions (Type 1) or an identical group (Type 2), and 
the lower and upper I imits prescribed. Three memory locations per group 
are used to store the pertinent data. 
3.7.2 Determination of Slab Depths 
Before the thickness of a slab is evaluated, it is checked to 
determine whether the slab belongs 'to any group of slabs of fixed depth. 
If it does, the corresponding group depth is assigned to the slab. If 
the slab does not belong to any group of slabs of fixed depth, the 
required slab thickness is evaluated as described in Art. 3.6.1.1. 
Next, the slab is checked to determine whether it belongs to any group 
of slabs with equal depth or identical slabs. If it does, the tentative 
control depth of the group is compared against the calculated slab 
thickness. If the calculated thickness of the slab is greater than the 
control depth, the control depth is made equal to the calculated depth. 
In this manner, after all slab thicknesses have been determined, the 
control depth for each group is equal to the required slab depth for 
that group. A second pass is now performed to set the depth of al I 
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slabs that belong to groups to the corresponding control depths. 
3.703 Determination of Slab Steel 
The steel required at every section is determined as described 
in Art. 3.6.1.2. Each of the eighteen slab design sections are con-
sidered separately, and the steel required at a particular section is 
determined for all the slabs in the structure before proceeding to the 
next section. This sequence, rather than the more obvious one of 
determining the steel required at all eighteen sections of a slab before 
proceeding to the next slab, was chosen because it requires much less 
storage for handl ing identical slab groups .. 
For slabs that do not belong to any group of identical slabs, 
the areas of steel evaluated are the final quantities. In the case of 
slabs that belong to groups of identical slabs, on the other hand, a 
procedure similar to that described for the de~ermination of slab 
thicknesses is implemented. After the top and bottom steel areas 
required at a particular section of a slab are determined, they are 
compared with the control areas for the group that the slab belongs to. 
If the control areas are smaller, the control areas are set equal to the 
new values. When al I the slabs have been processed, the control areas 
are equal to the maximum areas of steel required for each group of 
identical slabs. A second pass is no~ required to updat~ all the slabs 
that belong to groups of identical slabs by making the steel areas 
equal to the appropriate control areas. 
3.7.4 Determination of Column Sections 
For each column, the trial section is first checked and modi-
fied, as described in Art. 3.6.2.1. If the column belongs to a 
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preass igned group of columns, its concrete area is compared with the 
current control area for the group that it belongs to. If the concrete 
area of the column is greater than the current control area, or .if the 
column does not belong to any member group, an attempt is made to reduce 
the section as described in Art. 3.6.2.2. After any possible reduction 
has been made in the column section, the control areas of the group or 
groups (if any) that it belongs to are updated before proceeding to the 
checking and modification of the next column. 
When all the columns have been processed, the concrete and 
steel areas of all columns belonging to preassigned groups are updated 
as fol lows. The concrete areas are made equal to the corresponding 
control areas. For identical columns, the steel areas are also made 
equal to the control areas, whereas for columns of equal dimensions, an 
attempt is made to reduce the steel area if the concrete area has been 
increased during the updating passo 
After all the columns have been updated, the areas of all the 
columns are compared against the lower and upper I imits specified for 
the ·selection of program-selected groups. If the area of a column falls 
between any set of lower and upper I imJts, the column is assigned to 
group and. the 
if necessary. 
After the columns that fall into program-selected groups, as 
well as the control areas for each group, have been determined, the 
concrete and steel areas are updated again in a manner identical to that 
described above for preassigned groups. 
It is conceivable that a column which falls into a program-
selected group of columns with equal dimensions may have already been 
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specified by the designer to be a member of a group of identical columns. 
This obvious anomaly is removed by determining the new control areas of 
steel for all groups of identical columns and setting the steel areas 
equal to the control areas. 
3.8 Design on Basis of Partial Analysis 
As described in Art. 2.6.3, it j-s poss ible to des ign a 
structure crudely by analyzing only a few of the plane frames instead of 
all the plane frames or the complete space frameo The design procedure 
for slabs and columns is described separately below. 
3.8.1 Slabs 
Since all the plane frames have not been analyzed, the design 
quantities are not complete. For slabs that do not belong to any member 
group or belong to a group of slabs of equal depth, the missing design 
quantities, if any, are approximated on the basis of the available 
quantities in the manner described below~ For slabs that belong to 
groups of identical slabs, approximate quantities are created only for 
the control slabs of each group. The control slabs of a group are 
defined as those slabs in the group for which the largest number of design 
quantities is available. Finding the control slabs of a group amounts to 
determining the slabs with the maximum number of sides that fall into 
the analyzed plane frames. 
,The determination of the approximate design quantities is best 
described with reference to the slab shown in Fig. 3.15. Suppose that 
the design quantities corresponding to side 2 are not available. If the 
design quantities for side 1, the opposite side, are available, the 
missing quantities are approximated by those of side 1. If the design 
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quantities for side 1 are not available, the missing quantities are 
approximated by the design quantities of sides 3 or 4, whichever available, 
modified as follows: 
(3.91) 
in which D~ represents the design quantities of side k, and £1 and £2 
are the lengths of the sides, as shown in Fig. 3.15. In other words, 
the missing design quantities of a slab are approximated by those of the 
opposite side without change, or by those of one of the perpendicular 
sides multipl ied by the ratio of the side lengths squared, as indicated 
in Eq. (3.91). 
After all the missing design quantities have been created, the 
design quantities are transformed into column and middle strip moments 
as described in Art. 3.4.1. Next, the required steel is determined, as 
described in Art. 3.6.1, processing only the control slabs among the 
slabs belonging to the groups of identical slabs, while processing all 
the other slabs in the structure. The control areas of steel for each 
group of identical slabs are determined in the fjrst pass from the ste~l 
areas of the control slabs, and in the'second pass the steel areas for 
all the slabs belonging to the groups of identical slabs are set equal 
to the control areas. 
3.8.2 Columns 
The procedure for handling columns on the basis of a partial 
. analysis is very similar to that described for slabs. For all the 
columns that do not belong to any member group or belong to a group of 
columns of equal concrete dimensions, any missing design quantities are 
approximated as described below. For columns that belong. to groups of 
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identical columns, fictitious quantities (if required) are created only 
for those columns in each group for which the most design quantities 
are al ready ~vailable. These are termed control columnse All the design 
quantities of a column are determined if both the longitudinal and 
lateral plane frames it is part of have been analyzed. Hence, the 
control columns are determined by finding the columns that are part of 
the maximum number (lor 2) of plane frames analyzed. 
A column for which fictitious design quantities have to be 
created must belong to one analyzed frame. The missing design quantities 
are simply set equal to the corresponding quantities obtained from the 
plane frame analyzed. 
After all the missing design quantities have been created, the 
columns are designed as described in Art. 3.6.2. Among the columns 
belonging to groups of identical columns, only the control columns are 
designed, and the control areas of concrete and steel for these groups 
are determined during the process. After the initial design of the 
columns, they are updated as described in Art. 3.7.4. During the 
updating process, the column and steel areas of all columns belonging to 
groups of identical columns are set equal to the corresponding control 
areas. 
Program-selected groups of columns are unacceptable when a 
partial analysis is performed. 
3.9 Checking of a Structure 
When the model is used to check a previously designed 
structure, the actual member sizes and steel areas provided are part of 
the input. The input sizes are used to determine the eiastic properties 
89 
following which the structure is analyzed for the loadings specified, 
and the member design quantities are evaluated considering the specified 
loading combinations. Whether the structure is being designed or 
checked, there is absolutely no difference in the analysis and the 
evaluation of design quantities. In contrast, the member checking 
procedures given in Art. 3.5 are appl ied directly rather than iteratively. 
a) Slabs. The column and middle strip moments are used to 
check the corresponding sections. If the checking is done by the working 
stress method, the steel and concrete stresses due to ~he appl led moments 
are computed and compared with the allowable stresses. If the checking 
is performed by the ultimate strength method, the resisting moments are 
computed and compared with the appl ied moments. If at any section the 
allowable stresses are exceeded or the resisting moment is found to be 
insufficient, an appropriate message ,is output. For singly reinforced 
sections, the opposite moment is also checked, and if it is not zero or 
very small, a message indicating the fact that a section subject to 
moments in both directions has been designed as a singly reinforced 
section is output. 
b) Columns. Since the actual section of the column is avail~ 
able, there is no need to aSsume a trial section. The effective 1~ ... ~.f-1-. ICII~ loll 
of the column and the resulting increased design quantities to take into 
account the strength reduction are evaluated. The column is then checked 
by the working stress or ultimate strength method, as specified, by 
evaluating the left hand side of inequality (3.65), (3.70) or (3.80), 
whichever is appl icable, for each of the six sets of design quantities. 
The column is considered to be safe if all six values of the left hand 
sides of the appl icable inequal ities are less than or equal to 1.0. If 
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any of the values exceeds 1.0, the coJumn is deemed unsafe and a message 
to this effect is output. 
Checking on the basis of a partial analysis has not been 
- -"'-'-
included in the mode], because of the inherent approximations involved 
in the generation of the missing design quantities9 
3.10 Quantity Take-Off 
As mentioned in Art. 2.8, the quantity take-off procedure 
computes the amounts of concrete and main steel used in the structure. 
These quantities are accumulated story by story and the following values 
are output: 
L Volume of concrete and weight of steel in the slabs of 
each floors 
2Q Volume of concrete and weight of steel in the columns of 
each story. 
3. Total volume of concrete and weight of steel in the slabs. 
4G Total volume of concrete and weight of steel in the 
columns. 
5e Total volume of concrete and weight of steel. 
The concrete volumes are evaluated in cubic yards and the steel weights 
in poundsc 
The computation of concrete volumes is straightforward. The 
volume of a slab is given by the product of the corresponding bay and 
aisle widths and the thickness of the slab, and the volume of a column 
is obtained by multiplying the area of the column section by the length, 
which is taken to be ·the story heighta 
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The volume of steel in a column is found by multiplying the 
area of longitudinal reinforcement fn the column by the story height. 
The computation of the volume of steel in a slab is performed 
-in-the-fo-l1 owing- ma-nne-r;- -- The-s teel-vol-umeineachco-l umn-and--m-iddl-e 
strip is computed separately. Considering both directions, each slab 
has four column strips and two middle strips. For each strip the design 
procedure yields the top and bottom steel 'areas per foot width required 
a t the end san d mid d leo f the s t rip, ass how n i n Fig. 3. 1 6 (a) • For· the 
purpose of the quantity take-off, the required steel is assumed to be 
provided by bars located as shown in Fig. 3.16(b). The lengths of the 
bars indicated in Fig. 3. l6(b) are taken from Fig. 2l04(g~ of the ACI 
Code, and in the case of bent bars the additional length due to the 
bends is ignored. The eight areas of steel corresponding to the 
different locations are evaluated as follows: 
Al = Lowest value among Ab1 , Ab2 and Ab3 
A2 = At2 
A3 = Lowest value among (Ab2 -A I ), (A tl -A2) and (A t3 -A2). 
If A3 is negative it is set equal to zero. 
A4 = Ab2 -A l -A3 
AS = Atl -A2-A3 (=0, if negative) 
A6 = At 3 om A2 ... A 3 ( =0 , i f neg a t i ve ) 
A7 = Abl-A l 
A8 = Ab3 "'A l 
Once the eight steel areas are obtained, they are multipl ied by the 
appropriate length and strip width, and then summed to yield the steel 
volume for the strip. The summation of the volume of steel in the six 
strips of a slab yields the volume of steel, and hence the weight of 
5 tee I, in the slab. 
CHAPTER 4 
COMPARISON OF ANALYSIS AND DESIGN PROCEDURES 
In this ~hapter, a simple structure is used to compare the 
results of the analysis ,and design procedures des~ribed in the preceding 
chapters. The numerical results obtained using the analysis alternatives 
incorporated in the model are compared and -discussed first. This is 
followed by a comparison of the member design quantities and of the 
results obtained from the design procedures. 
4.1 Description of Structure 
The structure used in this chapter is a symmetrical four story 
building with two bays and two aisles, as shown in Fig. 4.1. The figure 
also shows the numbering scheme for the members. The constants required 
for the analysis and design were specified as follows: 
Compressive strength of concrete, fl = 3000 psi 
. c 
f 1350 nct 
ca 
1'"' ..... 
Unit weight of concrete, \"'1 = 145 nr.f c r --
f = 40,000 ps i Y 
Yield strength of steel, 
f = 20,000 ps i sa Allowable steel stress, 
Modular ratio, m = 9.0 
Poisson1s ratio, ~ = 0.15 
C 1 ea r cover for slab reinforcement, d tc = dbc = 0.75 in. 
~lear cover for column reinforcement, d = 1.5 in. cc 
Minimum percentage of column re inforcement, min 1% Pt = 
Maximum percentage of column re i nforcement, max 5% Pt = 
92 
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In addition, the input side dimension, t, for all the columns was taken 
tr 
as 20 in., and the trial percentage for column reinforcement, Pt ' was 
specified to be 4%, 
The loading conditions appl ied on the structure were as follows: 
Superimposed dead load: 
Floors and 2: 40 psf on al 1 panels 
Floors 3 and 4: 50 psf on all panels 
Live load: 
Floors and 2: 80 psf on all panels 
Floors 3 and 4: 100 psf on all panels 
Symmetrical lateral load: 
Lateral loads appl ied at the joints of the structure 
as shown in Fig. 4.2. 
Unsymmetrical lateral load: 
Lateral loads appl ied as shown in Fig. 4.3. 
The depths of the slabs evaluated by the empirical procedure 
described in Art. 3.6.1.1 were as follows: 
All panels on Floors and 2: d
t 
= 7.0 in. 
All panels on Floors 3 and 4: d t = 7.5 in. 
4.2 Comparison of Analysis Alternatives 
The structure was analyzed using all the analysis alternatives 
described in Arts. 2.2.2 and 2.2.3. In the case of the plane frame 
analyses, only the middle longitudinal frame was analyzed. 
In the case of I ive loads, the stress resul tants for full live 
load on all panels, as well as the I ive load maximum stress resultants, 
were evaluated. 
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The unsymmetrical lateral load was included in order to 
determine the effect of neglecting the in-plane twisting of the slabs 
and to determine whether the assumption of a rigid floor is justified. 
The unsymmetrical lateral load was not appl jed in the case of the plane 
frame alternatives. 
Space frame alternative 10 and plane frame alternative 5 are 
not appl icable to latera] loads, and plane frame alternative 6 is not 
appl icable to vertical loads. Therefore, when the structure was analyzed 
using these alternatives, the corresponding non=appl icable loading con-
ditions were not appl ied. 
4.2.1 Comparison of Stress Resultants 
The stress resultants for girder 3, floor I and column 4, 
story 1 are compared in order to illustrate the range of values obtained 
from the analysis alternatives included in the model. The stress 
resultants for the girder are given in Table 12, and those for the top 
end of the column in Table 13. In the tables, moments are given in kip 
ft. and axial forces in kips. 
In Table 12, MA and MS represent the left and right end moments 
of the girder, and Me represents the maximum positive midspan moment. 
The sign convention used is the standard design convention, i.e., a 
positive moment causes tension in the bottom fibers of the girder. 
In Table 13, P represents the axial force on the colum~ and 
M and M represent the bending moments about the X and Y axes. For the 
x y 
vertical loading conditions, M is equal to zero due to the symmetry of 
x 
the structure and, therefore, is not tabulated. In the case of the plane 
frame alternatives, M is not tabulated since only the middJe longitudinal 
x 
plane frame was analyze~. 
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An examination of the values tabulated in Tables 12 and 13 
leads to the following observations: 
1 .. The greatest effect on the stress resultants is caused by 
neglecting the axial deformations of the columns. The effect is more 
pronounced in the case of vertical loads than in the case of lateral 
loads. The girder midspan moments and the column axial forces are 
affected to a lesser degree than the girder end moments and column 
moments, the latter being affected to the extent of 12% in some cases. 
This effect is somewhat surprising, since the ratio of the column axial 
stiffness, AE/L, to the sum of the girder transverse stiffnesses, 
~ 12EI/L3, is of the order of 150. It is noted that axial distortions 
are often neglected in practice for ratios considerably smaller than 
this. 
2. The difference between the stress resultants due to full 
1 ive load on all panels and the maximum live load stress resultants ranges 
between 5 and 10% in general. This is considered to be within tolerable 
1 imits for design purposes in most cases. 
When the maximum Jive load stress resultants are computed, the 
minimum stress resultants at each point. are also obtained. The quantities 
in parentheses in Table 12 r~present the minimum stress resultants for 
space frame alternatives 1 and 9 and plane frame alternative 1. These 
values are also summed into the appropriate design quantities, and even 
though the minimum stress resultants are generally small, their effect on 
the design quantities may be relatively high. In particular, the maximum 
live load effect may sometimes call for a doubly reinforced section, 
whereas the corresponding full 1 ive load effect may indicate that a sing~y 
reinforced section is satisfactory. 
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3. Neglecting the in-plane twisting of the floors is dangerous 
when the structure is subject to unsymmetrical lateral loads. This is 
illustrated in Table 13 by the large difference between the corresponding 
values obtained for M using space frame alternatives I and 3. A com-
x 
parison of the values obtained for M using space frame alternative 
x 
against alternatives 5, 6 8 and 9, on the other hand, shows that it is 
reasonable to assume that the floors behave I ike rigid bodies with regard 
to in-plane deformations. 
4. The difference between the stress resultants obtained using 
a space frame alternative and a comparable plane frame alternative is 
small, being within 5% in most cases. However, this conclusion does not 
hold for column design quantities, as discussed in Art. 4.3.2. 
S. The results obtained using plane frame alternative 6 
(lishear beam ll method) are grossly inaccurate. As such, this alternative 
is considered to be of I imited value. 
4.2.2 Comparison of Lateral Column Displacements 
The lateral X displacements of the center column (column number 
S) due to the appl ication of the symmetrical lateral load are shown in 
Table 14; The values obtained for all the space and plane frame alterna-
tives appl icable to lateral loads are included in the table. The 
fol lowing conclusions can be drawn from the results: 
1. All the space frame alternatives yield approximately equal 
values for .the displacements. Plane frame alternatives l-S also yield 
approximately equal values. However, the displacements obtained using 
the plane frame alternatives are between IS and 25% larger than those 
obtained from the space frame alternatives. This occurs because the 
restraint provided by the girders in the transverse direction is not taken 
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into account in a plane frame analysis. 
2. As for the stress resultants, plane frame alternative 6 
yields very inaccurate results. The use of this alternative is, .there-
fore, questionable even for approximate dynamic analyses. 
4.2.3 Comparison of Computer Time 
The computer execution times required for the analysis of the 
example structure using the different alternatives are compared in Table 
15. The values given for the plane frame alternatives are the times 
required for the analysis of the middle longitudinal frame only. 
It can be seen from the table that the time required for all 
the plane frame alternatives is approximately 50 seconds. The time 
difference between the alternatives is very small, because the number of 
degrees of freedom is small in all cases. If larger plane fram~s were 
analyzed, the time difference between the alternatives would be more 
significant. 
The time difference between the space frame alternatives is 
more marked, because of the larger range in the number of degrees of 
freedom. Therefore, the use of a simpl ified space frame alternative, 
such as alternative 9, is economically justifiable for a prel iminary 
design. 
A comparison between the times required for the space and plane 
frame alternatives suggests that it is generally not economical to use a 
plane frame alternative except when a partial analysis of the structure 
is performed. 
4.3 Comparison of Member Design Methods 
The example structure was designed using space frame alternatives 
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1 and 9 and plane frame alternative 1. Furthermore, for each of the 
alternatives, the structure was designed by both the working stress and 
ultimate strength methods. In the case of plane frame alternative J, all 
six plane frames were analyzed in order to obtain a complete set of 
design quantities. 
The loading conditions appl ied on the structure were the first 
three loading conditions given in Art. 4.], i.e., superimposed dead load, 
1 ive load, and symmetrical lateral load. The lateral load was broken up 
into two lateral loadings, one cons isting of the lateral loads in the X 
direction, and the other of the loads in the Y direction. Both lateral 
loadings were specified to be reversible. 
In the case of 1 ive loads, the maximum 1 ive load stress 
resultants were evaluated and used to compute the member design quantities. 
The loading combinations for which the structure was designed 
we re as fo 11 ows : 
a) Working Stress Method. Two combinations were specified: 
1. DL+LL 
2. Oo7S(DL+LL~WLl±WL2) 
where DL, LL, WL l , and WL 2 represent the dead load, 1 ive load, and the 
two lateral loadings, respectively. The second loading combination 
reflects the practice of increasing the allowable stresses by 33-1/3% 
when lateral loads are included. 
b) Ultimate Strength Method. As recommended in Section lS06(a) 
of the ACI Code, the loading combinations considered were: 
1. 1.SDL+l.8LL 
2. 1.2S(DL+LL±WL l±WL2) 
3. O.9DL±WLl~WL2 
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4.3.1 Comparison of Slab Design Quantities 
The design quantities obtained for the working stress and 
ultimate strength design of slab 1, floor 1 are tabulated in Tab1.e 16, 
The table includes the quantities for all three analysis alternatives 
considered, The locations corresponding to the twelve positive and 
negative quantities are shown in Fig. 2.7(a). For the girder end moments 
(quantities 1-8), the positive design quantities actually represent the 
minimum negative moments. Similarly, for the midspan moments (quantities 
9-12), the negative design quantities represent the minimum positive 
moment. 
Since the design quantities are obtained by combining the 
stress resultants in accordance with the loading combination data, the 
quantities in Table 16 for locations 3, 4 and 10 can be derived from the 
corresponding stress resultants tabulated in Table 12. 
An examination of Table 16 reveals that the design quantities 
obtained using the three alternatives are very similar. The results for 
space and plane frame alternatives 1 agree closely, whereas those'for 
space frame alternatives land 9 differ by 3 to 10% for the end ~oments, 
and 0 to 1% for the midspan moments. 
4.3.2 Comparison of Column Design Quantities 
The design quantities for column 4, story 1 are presented in 
Table 17. In the table, the lower end of the column is referred to as 
end A and the upper end as end B. The space frame analyses yield 
three sets of design quantities for each end of the column, whereas only 
two sets per end are obtained from the plane frame analysis, as described 
in Art. 3.4.2, the second set actually representing the maximum values 
of M and M and the higher value of P associated with M or M . 
x y x y 
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A comparison of the design quantities from the different 
alternatives shows that for the particular column the axial forces agree 
very closely, while the moments exhibit a greater variation. The moments 
obtained from the space frame arternatives compare quite closely, the 
discrepancies being under 10% normally. The differences between space 
and plane frame alternatives I, however, are greater, and may be as high 
as 40-50% for some of the moments. The reason for this large difference 
is that a plane frame analysis does not take into account the torsional 
resistance of the lateral girders. 
It should be noted that when a plane frame analysis is performed, 
each frame is considered in turn and the specified loading combinations 
are performed before proceeding to the next frame. When a structure is 
subject to lateral loads in both X and Y directions, the combined column 
axial forces, P, obtained from each frame analysis includes the effect of 
only one of the lateral loads. Therefore, since the design quantities 
are created by taking the higher of the two axial forces, as described 
in Art. 3.4.2, the axial force due to one of the two loads is not i~cluded 
in the design quantities. When a space frame analysis is performed, on 
the other hand, the computed axial forces include the effects of both 
lateral loads. For this reason, the discrepancy between the design 
quantities obtained via space and plane frame analyses may be even greater 
than Table 17 suggests. In particular, the discrepancies increase from 
the top story downwards. 
4.3.3 Comparison of Slab Design 
The slab depths are determined empirically and are independent 
of both the analysis alternative and design method. Therefore, only the 
required slab steel can-be compared. For the purpose of illustration, 
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the steel required in the longitudinal and lateral directions of slab 1, 
f 1 00 r 1 iss h own i n Tab 1 e s J 8 and 1 9 , res pe c t i vel y . The val u e s g i ve n 
in the tables are the top and bottom areas of steel in square "inches per 
foot width in the column and middle strips at the locations shown. 
A comparison between the areas of steel obtained using the 
different analysis alternatives shows the same trend as that observed in 
the design quantities. The differences are comparatively small, and in 
ma8Y cases may disappear once the bar size and spacing are selected. 
A comparison between the results obtained us ing the two design 
methods shows that the working stress method is consistently conservative. 
The steel areas computed using the ultimate strength method are general ly 
about 15% lower than the corresponding areas provided by the working 
stress method. In some cases, the working stress method even calls for 
doubly reinforced sections at points where the ultimate strength method 
requires singly reinforced sections. 
4.3.4 Comparison of Column Design 
Since the structure and the loads are symmetrical, it is 
sufficient to discuss the design of columns 1, 2, 4 and 5 only. The 
column side dimension, t, and the total area of longitudinal reinforce-
ment, Ast' required for these columns are given in Table 20 for the 
three analysis alternatives and two design methods considered. 
A comparison between the column sizes obtained using the 
different alternatives shows that the two space frame alternatives yield 
almost identical results. When plane frame alternative 1 is employed, 
some columns tend to be sl ightly overdesigned because of the higher 
moments in the design quantities, as pointed out in Art. 4.3.2. 
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As in th~ case of slab steel, the working stress method is found 
to be consistently-conservative in comparison with the ultimate strength 
method. The difference between the two design methods is heightened by 
the fact that the formula recommended by the ACI Code, and used in the 
model for the design of tension-control led columns by the working stress 
method (Eq. 3.70), is definitely overconservative in comparison with 
Bressler's formula (Eq. 3.75) which is used in this study for the design 
of tension-control led columns by the ultimate strength method. 
4.3.5 Comparison of Concrete and Steel Quantities 
The total volumes of concrete and weights of steel required 
for the slabs and columns of the example structure are given in Table 21 
for the three analysis alternatives and two design methods considered. 
The concrete volumes are computed in cubic yards and the steel weights 
in pounds. 
The differences between the analysis alternatives and design 
methods noted above are also reflected in the quantities shown in the 
table. The volume of concrete for the slabs is, of course, the same in 
al I cases. The other quantities show that the choice_ of analysis 
alternative does not affect significantly the total quantities. On the 
other hand, the quantities obtained using the ultimate strength method 
are between 20 and-25% lower than the corresponding quantities obtained 
using the working stress method. 
The comparisons given in this chapter are based upon a single 
cycle of analysis and design, rather than on a converged final design. 
However, the trends discussed in this chapter also apply to converged 
designs, examples of which are presented in Chapter 6. 
CHAPTER 5 
DESCRIPTION OF SYSTEM 
The model described in Chapters 2 and 3 is incorporated into 
a system for the analysis, design, and checking of flat plate reinforced 
concrete buildings. The system is conceived for use in an on-l ine 
environment, but, due to the inaccessibil ity of appropriate facil ities, 
the present version of the system was developed using the conventional 
batch mode. However, only a few minor changes are required to effect a 
conversion from the present system to an on-l ine system. The objective, 
organization and capabil ities of the system are described in the following 
articles. 
5.1 Objective of System 
The objective is to develop an integrated man-machine system 
for the analysis, design, and checking of flat plate reinforced concrete 
buildings. It is not the objective of this study to automate the process 
completely, i.e., it is not expected that the designer will feed a deck 
of data cards into the computer and receive, without further ado, the 
member sizes, bar schedules, etc., as output. The purpose, on the other 
hand, is to create an environment of close cooperation between the 
engineer and the computer, so that the engineer is able to fulfill his 
functions more effectively by relegating to the computer the computational 
and data-processing tasks associated with the design. 
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5.2 Organization of Computer Program 
The organization of the present off-l ine computer program is 
described below. The program is organized in such a way that the 
various phases can be accessed easily by a designer or a checker. Since 
the complete program exceeds the memory capacity of the computer used 
(IBM 7094), the program is divided into several segments called 1 inks. 
The program segments are stored in secondary storage, and they are 
brought into the primary memory whenever required during the processing. 
The program is divided into seven 1 inks as follows: 
Links 
Link Functions Ca lIed 
1 Input of data and communication wi th other 2,5,6,7 
1 inks 
2 Generation of stiffness matrix and forward 3 
pass of so 1 ut ion 
3 Backward pass of so 1 uti on 4 
4 Loading Combinations and Design Quantities 1 
,... ... r " I ~ ueslgn or MemDers 
6 Quantity take-off 
7 Checking of members 
Link 1 acts as the master 1 ink, and is used to read in all the input data, 
as well as to serve as the communication 1 ink with the other 1 inks. 
A block diagram showing the organization of the program is 
given in Fig. 5.1. A numeric flag is used to specify the next task to 
be performed. The flag takes on the values 1, 2, 3, and 4 which are 
interpreted by the program as follows: 
2 
3 
4 
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Interpretation 
A new structure is being started. 
A modification has to be made in the probl.em 
being processed. 
Design or check the structure, depending upon the 
value of the function flag. 
Compute the material quantities for the structure. 
A second numeric flag is used to indicate the function to be performed, 
i.e., to design a structure or to check a previously designed structure. 
The input data pertaining to the structure are divided into 
several logical data blocks. Each block is preceded by an alphabetic 
control statement such as GEOMETRY, GROUPS, etc., which is followed by 
the corresponding data block.(5) Upon identifying a control statement, the 
program executes the appropriate subroutine which reads in the data block 
associated with that control statement. 
When the system is used for analysis and design, the input data 
must consist of the following control statements and the associated data: 
GEOMETRY 
GROUPS 
CONSTANTS 
ANALYSIS DATA 
LOADINGS 
LOAD COMBINATIONS 
After the control statements and associated data are read in, the 
control statement SOLVE is used to initiate the processing. After the 
structure has been designed once, the control statement REPLACE can be 
used to replace the trial member properties used for the previous cycle 
by the new member properties obtained. 
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When the system is used for the purpose of checking, the 
following data blocks received from the designer must be input: 
1. Geometry of the structure. 
2. Slab depths and reinforcement details. 
3. Concrete and steel areas of the columns. 
The remaining data are suppl ied by the checker, and must consist of the 
following control statements and the associated data: 
CONSTANTS 
ANALYSIS DATA 
LOADINGS 
LOAD COMBINATIONS 
Finally, as in the case of analysis and design, the statement SOLVE is 
used to inttiate the solution. 
The format for the input of data associated with the control 
statements is patterned after a problem-oriented language. However, in 
the present version, code numbers are used in place of words. A 
detai led description of the input variables and the present form of input 
are given in Appendix B. 
5.3 App1 ications of System 
The system can be appl ied to the analysis and design of a 
structure, as weI J as to the checking of a previously desi~ned structure, 
as described below. 
5.3.1 Analysis and Design 
A block diagram demonstrating a possible man-machine system for 
the analysis and design of a structure is shown in Fig. 5.2. In the 
figure, sol id boxes represent the tasks performed by the program while 
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the dotted boxes represent the decisions and actions of the designer. In 
the present off-l ine version of the system, the sequence of the designer1s 
actions is specified in advance, while some of the decisions are. made 
by the program based upon calculated numerical values. 
The system is organized in such a manner that when the designer 
has arrived at a final design, he can output the geometry and the member 
sizes and reinforcement details on punched cards or magnetic tape. This 
output data can then be transmitted to the checker, who can use it 
directly as input during the checking phase. 
The various possible analysis and design appl ications of the 
system are as follows. 
5.3.1. I Single Cycle Design 
The system can be used to obtain a prel iminary design of a 
structure in a single cycle. The input data pertaining to the structure 
are specified as described in Art. 5.2, and the statement SOLVE is used 
to initiate the solution. 
After the structure is analyzed and the design quantities are 
evaluated, the program returns to Link 1. At this point, the designer 
may choose to make modifications in the original data and reanalyze the 
structure. The same statements used to control the input of the original 
data are used for the input of the modified data. A drawback of the 
present system, however, is that when any data in a particular data block 
is modified, the whole data block must be input again. 
If the designer does not desire to make any modifications in the 
data after the design quantities have been evaluated, he may proceed to 
the design of the members of the structure. After the design process is 
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complete, the program returns to Link ], and the designer may now request 
that the material quantities be computed., 
The above process constitutes a single cycle design, and was 
employed to obtain the results reported in Chapter 4. 
5.3.1 .. 2 I te rat i ve Ana 1 ys is and Des i gn 
The system can be used to iterate upon the analys'is and design 
of a structure. The designer can request a specific number of iterations, 
or continue the iteration process until the design converges. In the 
present version of the program, the design is considered to have converged 
when none of the column sizes changes during an iteration. The slab 
depths do not enter into the convergence criterion, because they are 
determined empirically at the beginning of the design and, therefore, do 
not change from cycle to cycle. 
After the first cycle of analysis and design is complete, the 
designer can use the REPLACE statement to replace the trial member 
properties with the new calculated properties. He can then proceed to 
reanalyze and redesign the structure using the SOLVE statement. 
In addition to replacing the old member proper~ies after each 
cycle of iteration, the designer can also modify any of the original 
input data for the problem. For instance, the design may be started 
using space frame alternative 9 for the analysis, and after one or more 
cycles of iteration the alternative may be changed to the more accurate 
a 1 te rn at i ve 1. 
5.3. l.3 Iterative Single Cycle Designs 
When the analysis and design of a structure is being iterated 
upon to convergence, it is mandatory to REPLACE the old member properties 
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before performing another cyc1"e. 
On the other hand, by not using the REPLACE statement between 
iteration cycles, the des igner can effectively perform iterative single 
cycle designs. For instance, the designer may wish to study the effect 
of a particular parameter on the design of the structure. To do this, 
he can design the structure once, modify the parameter in question, and 
redesign the structure without replacing the old member properties. The 
process may be continued to obtain as many comparative designs as 
desired. 
5.3.2 Checking 
A block diagram of the possible appl ication of the system to 
checking is given in Fig. 5.3. A checking agency, which may be the 
design office itself or a completely separate organization, can use the 
system to determine whether or not the designed structure meets the 
provisions and requirements stipulated by the Building Code or other 
authority. It is quite conceivable that the design criteria and checks 
employed by the checking agency may be different from those used by the 
design office and, therefore, it is possible that a design found accept-
able in the design phase may result in non-comp1 iance during the 
checking phase, and be returned to the designer for revision. 
Checking is essentially a single cycle process. The program 
is initiated by reading in the data suppl ied by the des igner. This is 
followed by the data provided by the checker, input under control of the 
appropriate control statements. Finally, the SOLVE statement is used to 
begin the checking procedure. After the design quantities are evaluated, 
the program returns to Link 1. If the checker now wishes to make any 
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modifications in the data suppJ led by himself, he can do so and reanalyze 
the structure. If no modifications are desired, the program transfers to 
Link 7, which checks the design of the members. 
When the checking procedure is complete, the program again 
returns to Link 1. If the checker desires to make any alternate checks, 
he can modify the appropriate data and recheck the structure. This 
sequence of operations can be continued until the checker has accumulated 
sufficient information to decide whether to accept or reject the design. 
CHAPTER 6 
EXAMPLES OF APPLICATION 
In this chapter, several examples are presented to illustrate 
the appl ications of the system described in Chapter 5, and to study the 
effect of using some of the facil ities incorporated in the system. The 
effects due to the initial trial sizes of the columns, the use of member 
groups, the use of different analysis alternatives, and the appl ication 
of partial analyses are studied. The appl ication of the system to the 
checking of a structure is also illustrated. 
6. 1 Description of Structure 
The structure used for the examples in this chapter is a three 
story building with three bays and two aisles, as shown in Fig. 6.1. The 
data associated with the CONSTANTS statement are the same as given in 
max Art. 4.1, except that Pt was assumed equal to 6%. The trial side 
dimensions for the columns were input separately for each of the examples 
and are given below in conjunction with the examples. 
The loading conditions appl ied on the structure are the same 
for all the examples, and are as follows: 
Superimposed dead load: 
Floor 1: 40 psf on all panels 
Floor 2: 50 psf on all panels 
Floor 3: 60 psf on all panels 
Live load: 
F 1 00 rs and 2: 100 ps f on a 11 pane 1 s 
Floor 3: 120 psf on al 1 panels 
111 
112 
Lateral load in X direction: 
Lateral joint loads appl ied as shown in Fig. 6.2. 
Lateral load in Y direction: 
Lateral joint loads appl ied as shown in Fig. 6.3. 
For the 1 ive load analysis, full 1 lve load on all panels was used instead 
of the maximum 1 ive load effect. 
In all the examples, the structure was designed using the 
working stress method, and the following commonly used loading com-
binations were specified for the design: 
1. DL+LL 
2. 0.75 (DL+LL±WL I ±WL2) 
where DL represents the dead load, LL represents the Jive load, and WL I 
and WL2 represent the two lateral loadings. 
6.2 Example 1 - Effect of Trial Column Sizes 
Because of the non-l inear nature of the iterative design 
process, the final column sizes cannot be predicted from the initial 
values assumed. In order to study the effect of the trial sizes assumed 
for the columns, the structure was designed three times with different 
initial trial sizes. A trial size as close as possible to the expected 
final size was selected for all the columns in the first design. For 
the second design an underestimate of the final size was used, and for 
the third design an overestimate was used, as follows: 
DES IGN NO. TRIAL COLUMN SIZE, t 
21 in. 
2 12 in. 
3 30 in. 
In each case, space frame alternative 9 was used for the analysis, and 
1 J 3 
the analysB and design process was iterated upon upto convergence using 
the REPLACE statement. 
With the initial t of 21 inches, five cycles of analysis and 
design were required for convergence, whereas six cycles were required 
with the initial t of 12 inches and seven cycles with the initial t of 
30 inches. Therefore, it may be concluded that the initial trial size 
does not affect significantly the rate of convergence. 
The results of the design of the columns for all three cases am 
given in Table 22. It can be seen from the table that the design process 
did not converge to the same final sizes and steel areas for the three 
designs. This, of course, is not unexpected, since an indeterminate 
structure has many satisfactory solutions. Taking design no. 1 as the 
liS tanda rd'" a compa rison of des i gns 1 and 2 shows tha t the f ina] sizes 
of as many as half of the columns are different. A comparison of designs 
1 and 3 shows fewer changes, probably because the trial size used for 
design no. 1 also proved to be a sl ight overestimate for many of the 
columns. It should be noted, however, that for four of the columns, 
design no. 3 yields smaller column sizes than design no. 1. 
The empirical Iy evaluated slab depths are as follows for all 
three designs: 
Slabs 
1 ,3 
2 
4,5,6 
Floors 1,2 
8.5 
9.0 
10.0 
Floor 3 
9.0 
10.0 
11.0 
The final slab steel areas obtained from the three designs are compared 
for slab 4, floor 2 in Table 23. The table shows that there is not much 
difference between the three designs. Moreover, if actualbar sizes are 
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substituted for the steel areas, ~he differences would be further 
diminished. 
The materia1 quantities required for the three designs are 
shown in Table 24. In the table, the quantities required after one 
cycle of analysis and design, as well as the final quantities for the 
converged designs are given. A comparison of the quantities for the 
three final designs shows that the initial trial column size of 12 inches 
(design no. 2) results in the 1 ightest structure, apparently due to the 
fact that the slabs are used more efficiently. This observation is 
supported by the fact that the slab steel weight is the highest for 
design no. 2. 
The results suggest that it may be desirable to start the 
analysis and design process using a s1 ightly underestimated trial size 
for the columns. However, this is only recommended if the design is 
carried to convergence. If the design process is stopped before con-
vergence, an underestimated tria1 size is 1labIe to result in an unsafe 
design. If the designer does not plan to continue the design process 
until convergence, he should start with sl ightly overestimated trial 
sizes. 
Since there are many possible solutions for a structure, the 
design process should· ideally be converted into' an optimization procedure. 
In buildings of the type considered in this study, optimum cost is 
general]y not achieved by designing a structure of minimum weight, but 
by keeping the cost of formwork and labor down to a minimum. This goal 
may be achieved to some extent by specifying appropriate member groups. 
From an aesthetic standpoint, the specification of member groups is also 
desirable to avoid obta~ning larger columns in the upper stories than in· 
ll5 
the lower ones, as obtained in all three of the designs compared above. 
In view of the above comments, it is apparent that the comparisons 
presented in this article are somewhat unreal istic, because each ·indi-
vidual member was designed separately. 
6.3 Example 2 - Effect of Member Groups 
In order to illustrate the effect of specifying member groups 
upon the design of the structure, three different sets of member groups 
were selected, and the structure was designed using these in turn. In 
all three cases, the structure was analyzed using space frame alternative 
9. For reference purposes, the three designs wil 1 be referred to as 
design nos. 4, 5 and 6. 
For design no. 4, all the slabs in each story were specified to 
be of equal depth, and the corner, edge and interior columns of each 
story were placed in separate groups to form a total of nine column 
groups. 
For design no. 5, the slabs in each of the two aisles were 
specified to be of equal depth in all three stories. Each column was 
also specified to be of the same size in all three stories, and the corner, 
edge and interior columns were placed in separate groups to form a total 
of three column groups. The slab and column groups for this design were 
chosen such that the same formwork could be used for all three stories in 
the structure. 
For design no. 6, the same slab and column groups specified 
for design no. 5 were used. In addition, however, three program-selected 
groups were specified for the columns with the. following lower and upper 
lim i ts for the conc rete a rea: 
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Lower Limit Ueeer Limit 
GROUP NO. 300 sq. in Q 370 sq. in. 
GROUP NO. 2 390 sq. in. 450 sq. in. 
GROUP NO. 3 500 sq. in. 580 sq. in. 
The slab groups for the three designs and the resulting slab 
depths are given in Table 25. 
The column groups, the prescribed trial sizes for each group, 
and the results of the first and last cycles of analysis and design are 
given in Table 26 for design no. 4. As described in Art. 3 .. 7.4, within 
each cycle all the columns are first designed independently. Each column 
is then revised making the side dimension equal to the control dimension 
for the group, followed by an attempt to reduce the provided steel area. 
Both the calculated and revised results of the design are shown in the 
table. In the table, the control column of a group is identified by an 
asterisk, and it can be seen that when a column size is increased to con-
form to the group size, the requ ired s tee lis genera 11 y reduced 0 
Similar information is given in Table 27 for design no. 5. 
The results of designs 4, 5 and 6 for al I the columns are 
summarized and compared in Table 28. The table shows that in design no. 
4 some of the middle story columns are smaller than those of the lower 
and upper stories, as in the case of designs 1, 2 and 3. This can be 
avoided by a judicious selection of column member groups, as demonstrated 
by the results of design no. 5. A comparison of designs 5 and 6 shows 
. that a1 1 the columns of side dimension 20 inches in design no. 5 fell 
into program-selected group no. 2 and were made equal to 21 inches in 
design no. 6. Some of the steel areas were also increased, reflecting 
the fact that a stiffer member attracts larger moments. 
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It is noteworthy that desi9n no. 4 required 3 cycles for con-
vergence, and design nos. 5 and 6 required only 2 cycles. In comparison, 
design no. 1, for which no groups were specified, required 5 cycles to 
converge. This demonstrates the fact that the specification of member 
groups reduces the number of cycles required for convergence, due to the 
fact that member groups reduce the number of design variables which can 
change from cycle to cycle. 
The material quantities obtained for designs 4, 5 and 6 are 
compared with each other and with the quantities for design no. in 
Table 29. The table shows that when member groups are specified, the 
volume of concrete is relatively higher than for design no. 1, but the 
weight of steel is lower. It is, therefore, probable that the costs of 
materials for the designs with and without member groups are comparable. 
6.4 Example 3 - Effect of Analysis Alternative 
In order to study the effect of the differences in design 
quantities produced by different analysis alternatives upon the rate of 
convergence and the final design of a structure, design no. 5, in which 
space frame alternative 9 was used, was repeated using space frame 
a 1 te rna t i ve 1 0 
It was found that the design converged in two cycles as in the 
case of the design performed using analysis alternative 9. Moreover, the 
final member sizes were exactly the same. Minor differences were 
detected only in the slab steel areas and in some of the coiumn steei 
areas. The total weight of steel required was only 180 lbs less than 
that required using alternative 9. 
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On the basis of the results obtained, it can be concluded that 
the design of a structure is general Iy not $reatly affected by the 
analysis alternative employed. However, it should be noted that 1f fewer 
member groups than specified for design no. 5 are used and, therefore, 
a larger number of design variables are involved, the differences between 
the results obtained using different alternatives could be greater than 
in the present example. In the light of the comparisons reported in 
Chapter 4, moreover, it should be observed that care must be exercised 
in choosing an analysis alternative that is appropriate for the problem 
at hand. 
6.5 Example 4 - Effect of Partial Analysis 
Two additional designs were performed in order to examine the 
appl icabil ity of partial analysis to the design of a structure. The two 
partial analysis designs wil] be referred to as designs 7 and 8. The 
plane frames analyzed for the two designs are indicated by heavy 1 ines in 
Fig. 6.4: of the seven plane frames in the structure, four were analyzed 
for des ign no. 7, and only two for design no. 8. Plane frame alternative 
1 was used for the analysis of the frames. A single cycle of analysis 
and des ign was performed in each case because, presumably, only a pre-
1 iminary design was being sought. 
The slab groups specified and the resulting slab depths for 
design nos. 7 and 8 are shown in Table 30. The same groups of slabs -of 
equal depth were specified as for design no. 5. However, within these 
groups the slabs for which fewer design quantities were calculated were 
set identical to slabs with more design quantities available. The latter 
are automatically s~lected as the control slabs for the computation of 
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the reinforcing steel requirements of the corresponding slab groups. 
For design no. 7, the same groups of columns of equal 
dimensions were specified as for design no. 5. Within each such group, 
however, the columns in the same story were specified to be identical. 
From each group of identical columns, the program selects one or more 
control columns, as described in Art. 3.8.2, and designs them indepen-
dently of each other, after which the columns are revised to satisfy the 
member group data. The results of the design of the columns for design 
no. 7 are given in Table 31. 
For design no. 8, only groups of identical columns were 
specified, with every column being identical throughout its length. 
This was done because it is not warranted to indulge in the sophistication 
of refining the column steel areas when only two plane frames are analyzed. 
The results of the design of the columns for design no. 8 are given in 
Table 32. The table includes both the calculated values of t and Ast for 
the tontrol columns, as well as the revised values for each group of 
co I umns. 
The material quantities required for designs 7 and 8 are com-
pared with each other, as well as with design no. 5 in Table 33. The 
concrete volumes obtained for the three designs compare favorably. 
However, the steel weights obtained for design nos. 7 and 8 are greater 
than for design no. 5 by 16% and 57%, respectively. In particular, the 
weights of slab steel obtained for design nos. 7 and 8 are high because 
the design quantities evaluated for interior frames are. used for 
exterior frames in many cases. Note that, even if the upper and middle 
story column steel areas had been refined in design no. 8, the dis-
crepancy in the total steel weight would still be very high. As expected, 
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therefore, it can be concluded that much more real istic results are 
obtained by analyzing four plane frames than by analyzing two. 
6.6 Example 5 -Checking of the- St-ructure---
In order to illustrate the checking capabil ity of the system, 
design no. 5 was checked under the following four conditions: 
i. No change in the data used for the design of the structure. 
i i. A change in the allowable stress of concrete f fr"om 
ca 
1350 to 1305 psi, corresponding to a 3-1/3% reduction. 
iii. Specification of the maximum 1 ive load effect instead of 
the full 1 ive load effect. 
iVa Conditions (ii) and (iii) simultaneously. 
In addition, the structure was checked using the design output from both 
the first (called prel iminary) and second (final) cycles of analysis and 
design. 
The results of the checking process are tabulated in Table 34. 
The table shows that even when no changes in the design data are made, 
the concrete in the slabs is overstressed at 8 out of 324 points (18 per 
slab) when the prel iminary output is used. In comparison, the design is 
found to be completely safe when the final output is used with no changes 
in data. This emphasizes the danger of accepting a design before con-
vergence has been attained, especially when the initial trial column 
sizes are not close to the final converged values. For instance, if the 
first cycle output from design no. 3 (trial t = 30 inches) had been checked, 
the severity of non-compl iance would undoubtedly be greater than obtained 
using the first cycle output of design no. 5. 
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When the maximum 1 ive load effect is considered instead of the 
full 1 iveload used for the design, it is found that the steel is over-
stressed at nearly all the points in the slabs. Four of the 36 columns 
are also found to be unsafe by a small percentage. The average over-
stress in the slab steel is about 10%, but in isolated instances the 
overs,tress percentage is as high as 3l.SOIo wi th the prel iminary output 
and 67.6% with the final output. A contributing factor to the large dis-
crepancies is the fact that in this design, slab groups of equal depth 
only were specified, so that each individual slab was designed for at 
least 95% efficiency. Consequently, the slab designs were extremely' 
susceptible to any changes in the data. 
CHAPTER 7 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER DEVELOPMENT 
70 1 Cone I us ions 
A prototype computer-aided system for the analysis, design and 
checking of flat plate reinforced concrete buildings has been presented. 
The actual structure was ideal ized as an assemblage of girders 
and columns in accordance with the recommendations of the ACI Code and 
current practice. While this assumption provides good agreement between 
space and plane frame analyses, the distribution of panel loads to the 
girders appears to be somewhat conservative. However, no reasonable 
substitute could be implemented without resorting to a general plate 
ana 1 ys is. 
It has been shown that ~ large nu~ber of space and plane frame 
analysis alternative~ corresponding to a wide range of structural 
behavior assumptions, can be efficiently treated by a general procedure. 
However, on the basis of the numerical results obtained, it is question-
able whether it is necessary to include in an operational system as 
many analysis alternatives as were implemented in this study. 
In this study no reduction was made in 1 ive load effect for 
lower stories, because the procedure used to evaluate the maximum live 
load effects properly accumulates all the contributing quantities. On 
the other hand,the very large number of additional loading conditions 
necessary to accompl ish this may prove to be uneconomical for large 
structures. In the examples considered in this study, the difference 
in the stress resul tants due to full live load on all panels and the 
122 
123 
maximum 1 ive load stress resultants was only of the order of 5%. 
The evaluation of the member design quantities presented a 
very complex logical task and required the development of an elaborate 
algorithm. This was especially true for the column design quantities, 
for which it is necessary to evaluate critical combinations of axial 
force and moments. The criteria employed to accumulate the column 
design quantities are not completely general, because it was assumed 
that minimum axial force would never govern. The facil ity for treating 
reversible loadings, while further compl icating the computation of 
column design quantities, can considerably reduce the number of loadings 
and loading combinations that have to be considered. 
The provision for specifying member groups is a valuable tool 
towards achieving a good design, which is both economical and 
aesthetically pleasing. 
In the present" design algorithm, an attempt is made to design 
the members for at least 95% efficiency. For columns, where discrete 
steel areas are considered, this efficiency is rarely achieved. However, 
this efficiency is always attained for slabs, where a continuous 
variation of available steel areas is a~sumed. It appears, from the 
checking example presented in Chapter 6, that the resulting slab design 
may be too "tight lJ • It would be a simple matter to reduce the 
efficiency factor in the program or even to make it an input variabl~. 
Because of the non-l inear nature of the iterative analysis 
and design process, the final sizes of the members cannot be predicted 
from the assumed initial values. In the examples studied, it was found 
that more efficient designs are achieved by starting the design process 
with an underestimate of the final expected size for the columns. 
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However, an unsafe design can result if the iteration is not carried to 
conve rgence. 
Even though only a conventional batch mode was availabl"e, most 
of the features of an on-l ine man-machine system could be satisfactorily 
simulated. It therefore appears that a system in which the designer 
can retain control throughout the entire design process is entirely 
feasible. The system described herein consequently seems to be an 
attractive alternative to the more highly automated design system 
des c r i bed by Hi 1 1 . (6) 
7.2 Suggestions for Further Development 
The present study was of necessity restricted to a single 
highly idealized type of structure, and can only be used in a batch mode 
environment. Further developments and extensions of the system should 
be directed along three broad paths discussed below. 
a) Ideal ization of Structure. Improvements in the ideal ization 
of the structure shouid be aimed towards: 
1. General izing the geometry and make-up of the structure 
by extending the model to structures of irregular 
geometr~ columns of other shapes and reinforcement 
details, etc. 
2. Replacing the present slab ideal ization for the 
evaluation of girder stiffnesses and uniform load 
distribution by a more real istic one. 
3. Extending the model to two-way slab design by the 
addition of the required subroutines for two-way 
slab load distribution and the design of the 
supporting girders. 
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b) Procedural Improvements. Modifications and changes in the 
procedures incorporated in the program should include: 
I. General izing some of the algorithms implemented, notably 
the accumulation of column design quantities and the 
iteration on member design and checking. 
2. Replacing the tri-diagonal procedure by rewriting the 
so 1 ut ion p rocedu re in the PO~T language, (7) wh i ch uses 
secondary storage in a more flexible and efficient 
fashion. 
3. Extending the types of member groups included, notably 
by allowing individual slab strips to be treated in 
groups. This would permit the design of "identlcal" 
slab groups in which the slabs are mirror images of 
each other with regard to reinforcement. 
4. Including the selection of secondary steel for slabs and 
columns in the design process, and the summing of the 
corresponding additional steel weight in the material 
quantities. 
5. Incorporating plastic frame analysis as an alternative 
in the analysis algorithm. 
c) System Improvements. The following system improvements 
should be given consideration: 
1. Converting all of the input data to a completely problem-
o r i en ted form at. 
2. Implementing the system in an on-l ine environment when 
the appropriate facil ities become available. 
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3. Providing facil ities to the designer for the 
optimization of selected design variables. 
Beyond the above suggestions additional extensions and changes wi·l] 
undoubtedly suggest themselves as the system is appl ied in practice. 
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III 
l... 
OJ 
v 
l... 
.-
(!j 
~ 
('1J 
c 
.-
v 
::J 
+-I 
.-
01 
C 
0 
-..I 
III 
l... 
OJ 
v 
l... 
.-
(!j 
...-
('1J 
l... 
OJ 
+-I 
('1J 
-..I 
III 
c 
E 
::J 
..-
0 
u 
149 
Source List 1 7 6 4 3 8 3 2 
Sign and KAA 1 12 6 12 -6 1 -6 4 
Multip1 ier 
KAB -1 -12 6 -12 -6 -1 6 2 Lis t 
KBA -1 -12 -6 -12 6 -1 -6 2 
KBB 1 12 -6 12 6 1 6 4 
Locat ion Row 1 2 2 3 3 4 5 5 
Lis t Co 1. 1 2 6 3 5 4 3 5 
Source Lis t 7 6 1 4 3 3 2 8 
Si gn and KAA 12 -6 1 12 6 6 4 1 
Multipl ier 
KAB -12 -6 -1 -12 6 -6 2 -1 Lis t 
KBA -12 6 .. 1 -12 -6 6 2 -1 
KBB 12 6 1 12 -6 -6 4 1 
Location Row 1 1 2 3 3 4 4 5 
Lis t Co 1. 1 6 2 3 4 3 4 5 
Source Lis t 4 3 7 6 1 6 5 3 
Sign and KAA 12 6 12 -6 1 -6 4 6 
Mu1tipl ier ~AB -12 6 .. 12 -6 -1 6 2 -6 Lis t 
KBA -12 -6 -12 6 -1 .. 6 2 6 
KBB 12 -6 12 6 1 6· 4 -6 
Locat ion Row 1 1 2 2 3 4 4 5 
Lis t Co 1. 1 5 2 4 3 2 4 1 
TABLE J.. SPACE FRAME MEMBER LISTS FOR MAPPING 
FROM MEMBER TO JOINT MATRICES 
6 5 
6 4 
-6 2 
6 2 
-6 4· 
6 6 
2 6 
6 5 
-6 4 
6 2 
-6 2 
6 4 
6 6 
1 6 
2 8 
4 1 
2 .. 1 
2 -1 
4 1 
5 6 
5 6 
U1 
l... 
aJ 
u 
l... 
.-
CD 
U1 
c 
E 
:::J 
...... 
a 
u 
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Source Lis t 1 4 3 3 
Sign and ! KAA 1 12 -6 -6 Multipl iel~ 
KAB -1 -12 -6 6 L j 5 t 
KBA -1 -12 6 -6 
KSB 1 J 12 6 6 
Location Row 1 2 2 3 
Lis t Col. 1 2 3 2 
Source Lis t 4 3 1 3 
Sign and I<AA ]2 6 1 6 
Multipl ier ~B -12 6 -1 -6 Lis t 
KBA -]2 -6 -1 6 
KBB 12 -6 1 -6 
Location Row 1 1 2 3 
Lis t Col. 1 3 2 1 
TABLE 2. PLANE FRAME MEMBER LISTS FOR 
MAPPING FROM MEMBER TO JOINT 
MATRICES 
2 
4 
2 
2 
4 
3 
3 
2 
4 
2 
2 
4 
3 
3 
ALTERNATIVE 1 
Sou rce Array 
[
1, 1 
2, 1 
3, 1 
1,2 1,3
J 2,2 2,3 3,2 3,3 
Destination Array (n=3) 
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U 
J+ 1 , J K+ 1 J J+ 1 , J K+2 J J+ 1 , J K+~ 
J J+2 , J K+ 1 J J+2 , J K+2 J J+2 , J K+ 3 
JJ+3, J K+ 1 JJ+3, J K+2 JJ+3, J K+3 
ALTERNATIVE 3 
Source Array 
Same as for Alternative 1 
Destination Array (n=2) 
r K+ 1 , N K+ 1 N K+ 1 ,J K+ 1 J J+ 1 , N K+ 1 J J+ 1 ,J K+ 1 JJ+2,NK+l JJ+2,JK+l 
ALTERNATIVE 5 
Source Array 
Destination Array (n=l) 
[JJ+l, JK+l] 
NK+l,JK+
U JJ+l, JK+2 JJ+2, JK+2 
ALTERNATIVE 2 
Sou rce Ar ray 
n,l l?, 1 1,31 3,~. 
Destination Array (n=2) 
fj J+ 1 , J K+ 1 J J+ 1 ,J K+21 
IJ J+2 , J K+ 1 J J+2 , J K+~ 
ALTERNATIVE 4 
Source Array 
Same as for Alternative 2 
Destination Array (n=l) 
IN K+ 1 , N K+ 1 N K+ 1 , J K+ 11 . 
LJJ+l ,NK+l JJ+l, JK+U 
ALTERNATIVE 6 
Source Array 
[ 1 , 1 ] 
Destination Ar.ray 
[1, 1 ] 
DEFINITION OF SYMBOLS 
J = Joint number 
NJ = Number of joints per, story 
n = Number of independent deformation components 
per j 0 i nt 
NK = NJ x n 
Diagonal Submatrices: JJ=JK=(J-l) x n 
Off-diagonal Submatrice"s: JJ=(J-l) x n; JK==J x n 
TABLE 3. MAPPING FROM dOINT TO STRUCTURE MATRIX FOR PLANE FRAME 
ALTERNATIVES 
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J 
AL TERNATIVE 1 
Sou rce Arrat 
--1 j 1 -1 ,2 1 ,3 1 ,4 1,5 1 ,6 
2, 1 2,2 2,3 2,4 2,5 2,6 
3, 1 3,2 3,3 3,4 3,5 3,6 
4, 1 4,2 4,3 4,4 4,5 4,6 
5,1 5,2 5,3 5,4 5,5 5,6 
6, 1 6,2 6,3 6,4 6,5 ·6,6 
.... ~ 
Destination Array (n=6) 
PJ'J+ 1, J K+ 1 JJ+l ,J K+2 JJ+l ,J K+3 JJ+l,JK+4 JJ+l ,JK+5 JJ+l, JK+6-
I JJ+2, J K+ 1 JJ+2, JK+2 JJ+2, J K+3 JJ+2, J K+4 JJ+2, J K+5 JJ+2, JK+6 JJ+3,JK+l JJ+3, J K+2 JJ+3, J K+3 JJ+3, JK+4 JJ+3 ,J K+5 JJ+3, JK+6 
JJ+4, J K+ 1 JJ+4, J K+2 JJ+4, JK+3 JJ+4, JK+4 JJ+4, J K+5 JJ+4, J K+6 
JJ+5, J K+l JJ+5, JK+2 JJ+5, J K+3 JJ+5, J K+4 JJ+5, J K+5 JJ+5, J K+6 
JJ+6, JK+l JJ+6, J K+2 JJ+6, JK+3 JJ+6, J K+4 JJ+6, J K+5 JJ+6, JK+6 
-
... 
ALTERNATIVE 2 
Source Array 
i""" -
1,1 1,2 1,4 1,5 1,6 
_ ..... -...... - ..... - .... -.-... -.- ..... -.-........ -.-.. -.---.. - ....... ---..... --.. - .. -- .. -- .... -- -- .-.... -------... - ... --...... - ....... - ..... -.... -.-.... -.... ----··------1···············--·····-·-·-·· .-.-------.. ... - ............. --.---.-.--.. -.-..... --... -.---... - ......... ----... ----1- .. --.... - .. -... --.---- ... ---.-
2,1 2,2 2,4 2,5 2,6 
4,1 4,2 4,4 4,5 4,6 
5,1 5,2 5,4 5,5 5,6 
6,1 6,2 6,4 6,5 6,6 
~ -
Destination Arrat (n=5) 
r--
JJ+l,JK+l JJ+l ,JK+2 JJ+l,JK+3 JJ+1 ,J K+4 
JJ+2,JK+l JJ+2, J K+2 JJ+2, J K+3 JJ+2, J K+4 
JJ+3, J K+l JJ+3, J K+2 JJ+3, J K+3 JJ+3, J K+4 
JJ+4, J K+ 1 JJ+4, j K+2 JJ+4, J K+3 JJ+4, J K+4· 
JJ+5, J K+l 
.... 
JJ+5, J K+2 JJ+5, J K+3 JJ+5, J K+4 
ALTERNATIVE 3 
Source Array 
F"" J I ci 1 , 1 1 'j 1 "2 1 1 J <j .!.. 1 , ..) I, .. I,..; 
2,1 2,2 2,3 2,4 2,5 
3, 1 3,2 3,3 3,4 3,5 
4, I 4,2 4,3 4,4 4,5 
5, 1 5,2 5,3 5,4 5,5.J 
... 
De 5 tin a t i on Array (n=5) 
Same as for Space frame Alternative 2 
-
JJ+l, J K+5 
JJ+2, JK+5 
JJ+3, J K+5 
JJ+4, J K+5 
JJ+5, J K+5 
-
TABLE 4. MAPPING FROM JOINT TO STRUCTURE MATRIX FOR SPACE FRAME 
ALTERNATIVES 
" j 
I 
I ." .-
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ALTERNATIVE 4 
Source Array 
Same as for space frame Alternative 1. 
Destination Array (n=4) 
(a) Independent Joint 
Defo rma t ions 
""" NX,NX NX,NY NX, J K+l 
NY,NX NY,NY NY,JK+l 
JJ+J , NX JJ+l, NY JJ+l, JK+l 
JJ+2,NX JJ+2,NY JJ+2, JK+l 
JJ+3,NX JJ+3,NY JJ+3, JK+l 
~JJ+4, NX JJ+4,NY JJ+4,JK+l 
NK+NAP+l NK+NAP+NBP 
I I .! I~NK+NAP IEEB--
fE1 ill :K:~+2 
(b) Addftional Floor Deformations 
-NX,JK+2' NX, J K+3 NX, J K+4 
NY, JK+2 NY,JK+3 NY, J K+4 
JJ+J ,J K+2 JJ+l ,J K+3 JJ+l, J K+4 
JJ+2, JK+2 JJ+2, J K+3 JJ+2, JK+4 
JJ+3,JK+2 JJ+3, J K+3 JJ+3, J K+4 
JJ+4, J K+2 JJ+4, JK+3 JJ+4, JK+4 
.. 
TABLE 4. (Cont i nued) 
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ALTERNATIVE 5 
Source Array 
Same as for space frame Aiternative 1 
De 5 tin at ion A r ray (n = 3 ) 
NK+NBP+NAP 
LJ7 7111 Ii 
NK+NBP+NAP+l l / ~ 7 /I'l T G 
,LLU [~ [ 1-
NK+l ~ -'ll>' --...~) ~ -.. .......... ~~NBP 
(a) Independent Joint 
De'fo rhia tIons 
fljj/tlfj 
! 
NK+NBP+l 
(b) Additional Floor Deformations 
With NX = NK+LATFNO, NY = NK+NBP+LFNO and NZ = NK+NBP+NAP+l, 
the destination array is: 
I""" 
NX, NX NX,NY NX, J K+ 1 NX, J K+2 NX, J K+3 NX, NZ -
NY,NX NY,NY NY,JK+l NY, J K+2 NY,JK+3 NY,NZ 
JJ+l ,NX JJ+ 1, NY JJ+l,JK,l JJ+l,JK+2 JJ+l,JK+3 JJ+ 1, NZ 
JJ+2,NX JJ+2,NY JJ+2, J K+ 1 JJ+2, JK+2 JJ+2, JK+3 JJ+2,NZ 
JJ+3,NX JJ+3,NY JJ+3, J K+ 1 JJ+3, J K+2 JJ+3, JK+3 JJ+3,NZ 
NZ,NX NZ,NY NZ,JK+l NZ,JK+2 NZ,JK+3 NZ,NZ 
..... 
""" 
TABLE 4. (Cant inued) 
\. 
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ALTERNATIVE 6 
Source Array 
Same as for space frame Alternative 1. 
Destination Array (n=3) I NK+2 
NK+l 
(a) Independent Joint 
Defo rma t ions 
(b) Additional Floor Deformations 
The destination array is the same as for space frame Alternative 5 
with NX = NK+l, NY = NK+2 and NZ = NK+3. 
ALTERNATIVE 7 
This is a combination of space frame Alternatives 2 & 4. 
Source Array 
Same as for space fram~ Alternative 2. 
Destination Array (n=3) 
With NX = NK+LFNO and NY = NK+NAP+LATFNO, the destination 
array 15: 
f"" NX,NX 
NY,NX 
JJ+l,NX 
JJ+2,NX 
JJ+3,NX 
-
NX,NY 
NY,NY 
JJ+l, NY 
JJ+2,NY 
JJ+3,NY 
NX,JK+l 
NY,JK+l 
JJ+l ,J K+l 
JJ+2, J K+ 1 
JJ+3, JK+l 
TABLE 4. (Continued) 
NX,JK+2· 
NY, JK+2 
JJ+l, JK+2 
JJ+2, JK+2 
JJ+3, JK+2 
NX, J K+3 -
NY, JK+3 
JJ+l, JK+3 
JJ+2, JK+3 
JJ+3, JK+3 
... 
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ALTERNATIVE 8 
This is a combination of space frame Alternatives 2 & 5. 
Source Array 
Same as for space frame Alternative 2. 
Destination Array (n=2) 
with NX = NK+LATFNO, NY = NK+NBP+LFNO and NZ = NK+NBP+NAP+l, 
the destination array is: 
""'" 
-NX,NX NX,NY NX,JK+l NX, J K+2 NX,NZ 
NY,NX NY,NY NY,JK+l NY, J K+2 NY,NZ 
JJ+l ,NX JJ+l,NY JJ+l ,J K+ 1 JJ+l ,JK+2 JJ+l, NZ 
JJ+2,NX JJ+2,NY JJ+2, J K+ 1 JJ+2, J K+2 JJ+2,NZ 
NZ,NX NZ,NY NZ,JK+l NZ, J K+2 NZ,NZ 
-
ALTERNATIVE 9 
This is a combination of space frame Alternatives 2 & 6. 
Sou rce Array 
Same as for space frame Alternative 2. 
Destination Array (n=2) 
The destination array is the same as for space frame 
Alternative 8 with NX = NK+l, NY = NK+2 and NZ = NK+3. 
TABLE 4. (Cant i nued) 
... 
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ALTERNATIVE 10 
Source Array 
r4,4 4,5J 
l.S,4 5,5 
Destination Array (n=2) 
[
JJ+ 1 ,J K+ 1 
JJ+2, J K+ 1 
JJ+l,JK+21 
JJ+2, J K+2j 
DEFINITION OF SYMBOLS 
J = Joint number 
NJ = Number of joints per story. 
n = Number of independent deformation components per 
j 0 i nt. 
NK = NJ x n 
LFNO,LATFNO = Longitudinal and lateral frame numbers intersecting 
at joint J. 
NAP = Number of longitudinal frames. 
NBP = Number of lateral frames 
Diagonal Submatrices: JJ = JK = (J-l) x n 
Off-diago~al Submatrices: JJ = (J-l) x n 
NBAY = Number of bays. 
JK = J x n for first off-diagonal 
submatr ix 
JK = (J+NBAY) ~ n for second off-
~iagonal submatrix. 
TABLE 4. (Continued) 
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Alternative Source (s) and Destination (D) Lists 
S JJ+1 JJ+2 JJ+4 JJ+5 JJ+6 
2 D 
(n=5) JK+1 JK+2 JK+3 JK+4 JK+5 
S JJ+l JJ+2 JJ+3 JJ+4 JJ+5 
3 D 
(n=5) JK+l JK+2 JK+3 JK+4 JK+5 
S JJ+l .1J+2 JJ+3 JJ+4 JJ+5 JJ+6 
4 D NK+LFNO NK+NAP J K+ 1 JK+2 JK+3 JK+4 
(n=4) +LATFNO 
S JJ+l JJ+2 JJ+3 JJ+4 JJ+5 JJ+6 
5 
D NK+LATFNO NK+NBP JK+l JK+2 JK+3 NK+NBP 
(n=3J +LFNO +NAP+J 
S JJ+l JJ+2 JJ+3 JJ+4 JJ+5 JJ+6 
6 0 
(n=3) NK+l NK+2 JK+l JK+2 JK+3 NK+3 
S JJ+I JJ+2 JJ+4 JJ+5 JJ+6 
7 D NK+LFNO NK+NAP JK+I JK+2 JK+3 
(n=3 ) +LATFNO 
S JJ+J JJ+2 JJ+4 JJ+5 JJ+6 
8 D NK+ NK+NB P JK+1 JK+2 NK+NBP 
(n=2) LATFNO +LFNO +NAP+I 
S JJ+I JJ+2 JJ+4 JJ+5 JJ+6 
9 D 
(n=2) NK+I NK+2 JK+l JK+2 NK+3 
S JJ+4 JJ+5 
10 D 
(n=2) JK+J JK+2 
DEFINITION OF SYMBOLS 
J == Jo i n t number 
NJ == Number of joints per story 
n = Number of independent deformation components· 
pe r j 0 i nt 
NK = NJ x n 
LFNO,LATFNO = Longitudinal and lateral frame numbers 
intersecting at joint J 
NAP = Number of longitudinal frames 
NBP == Number of lateral frames 
JJ = (J- I) x 6 
JK = (J-J) x n 
TABLE 5. LIS TS FOR MAPPING JO INT LOADS FROM S PAC E 
FRAME ALTERNATIVE I TO OTHER SPACE FRAME 
AL TERNATIVES 
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Alternative Source (S) and Destination (D) Lis ts 
1 
2 
3 
4 
5 
6 
Longitudinal Frames Latera 1 Frames 
S JJ+l JJ+3 JJ+5 JJ+2 JJ+3 JJ+4 
0 (n==3 ) JK+l JK+2 JK+3 JK+l JK+2 JK+3 
S JJ+l JJ+5 JJ+2 JJ+4 
0 
(n ==2) JK+l JK+2 JK+l JK+2 
S JJ+l JJ+3 JJ+5 JJ+2 JJ+3 JJ+4 
D 
(n=2) NK+l JK+l JK+2 NK+l JK+l JK+2 
S JJ+l JJ+5 JJ+2 JJ+4 
D 
(n=l) NK+l JK+l NK+l JK+l 
S JJ+5 JJ+4 
D 
(n=l) JK+l JK+l 
5 1 1 
D 
(n=O) J 1 
DEFINITION OF SYMBOLS 
J == Joint number 
n == Number of independent deformation components 
pe r j 0 i nt 
NJ == Number of joints per story 
NK = NJ x n 
JJ == (J-l) x 6 
J K == (J-1) x n 
TABLE 6. LISTS FOR MAPPING JOINT LOADS FROM SPACE FRAME 
ALTERNATIVE 1 TO PLANE FRAME ALTERNATIVES 
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"A 1 te rnat i ve Source (S) and Des tina t ion (D) Lis ts 
S JJ+l JJ+2 JJ+3 JJ+4 JJ+5 J'J+6 1 (n=6) 
D KK+1 KK+2 KK+3 KK+4 KK+5 KK+6 
S JJ+l JJ+2 JJ+3 JJ+4 JJ+5 2 (n=5) 
D KK+1 KK+2 KK+4 KK+5 KK+6 
S JJ+1 JJ+2 . JJ+3 JJ+4 JJ+5 3 (n=5) 
D KK+l KK+2 KK+3 KK+4 KK+5 
S NK+LFNO NK+NAP+ JJ+l JJ+2 JJ+3 JJ+4 4 (n=4) LATFNO 
D KK+l KK+2 KK+3 KK+4 KK+5 KK+6 
S 
r NK+LATFNO NK+NBP+ JJ+l JJ+2 JJ+3 NK+NBP+ 5 (n==3 ) LFNO' NAP+l 
D KK+1 KK+2 KK+3 KK+4 KK+5 KK+6 
S NK+l NK+2 JJ+J JJ+2 JJ+3 NK+3 6 (n=3 ) 
D KK+l KK+2 KK+3 KK+4 KK+5 KK+6 
S NK+LFNO NK+NAP+ JJ+l JJ+2 JJ+3 7 (n=3 ) LATFNO 
D KK+l ,. KK+2 KK+4 KK+5 KK+6 
S NK+LATFN~ NK+NBP JJ+1 JJ+2 NK+NBP+ 8 (n=2) +LFNO NAP+l 
D KK+1 KK+2 KK+4 KK+5" KK+6 
S NK+I NK+2 JJ+l JJ+2 NK+3 9 (n=2) 
D KK+l KK+2 KK+4 KK+5 KK+6 
c 
..J II-L1 JJ+2 10 (n=2) uuT ! 
D KK+4 KK+5 
- -
DEFINITION OF SYMBOLS 
J = Jo i nt number 
NJ = Number of joints per story 
n == Number of independent defo rma t ion components per 
j 0 i nt 
NK == NJ x n 
LFNO,LATFNO == Longitudinal and lateral frame numbers i nte r-
secting at joint J 
TABLE 7. MAPPING FROM JOINT DEFORMATIONS TO t1EMBER 
DEFORMATIONS FOR SPACE FRAME ALTERNATIVES 
I 
I 
161 
DE FIN I T ION 0 F S YM B 0 L S ( Con t. ) 
NAP = Number of longitudinal frames 
NBP = Number of lateral frames 
JJ = (J-l) x n 
KK = (K-l) x 6, where K is as shown in Figs. (a) and 
(b) for slabs and columns respectively. 
K=3 K=4 
I I 
K=l K=2 
K=2 j 
K=l 
(a) IKI fOI'Slabs (b) IKI for Columns 
TABLE 7. (Cant i nued) 
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·Alternative Source (S) and Destination (D) Lists 
S JJ+l JJ+2 JJ+3 
1 (n==3 ) 
D KK+1 KK+2 KK+3 
S JJ+l JJ+2 
2 (n::::2) 
0 KK+1 KK+3 
S NK+l JJ+l JJ+2 
3 (n==2 ) 
D KK+1 KK+2 KK+3 
S NK+l JJ+1 
4 (n=l ) 
D KK+l KK+3 
S JJ+l 
L 1~_1 \ 
::> \11-1 J 
0 KK+3 
S 1 
6 (n==O) . 
D 1 
DEFINITION OF SYMBOLS 
J = Joint number 
n = Number of independent deformation components 
per joint 
NJ == Number of joints per story 
NK = NK x n 
JJ == (J-1) x n 
KK = (K-1) x 3, 0here K = 1 for positive node of 
member, and K == 2 for negative node of member 
TABLE 8. MAPPING FROM JOINT DEFORMATIONS TO MEMBER DEFORMATIONS 
FOR PLANE FRAME ALTERNATIVES 
Loading Unit 
Non-reversible 
loading, a 
2 
Reversible 
loading, ;l-a 
3 
a OR b 
4 
a OR + b 
Rule: 
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Rule for Accumulating Combined Stress Resultants 
The stress resultant is added to the correspondin~ 
CSR+ of the same sign as the stress resuitant. 
Exception: For dead loads, the stress resultant is 
Rule: 
Rule: 
Rule: 
added to the corresponding CSR's of both signs. 
The numerical value of the stress resultant is 
added to the corresponding CSR's of both signs 
with the sign of the CSR. 
If the stress resultants due to loadings a and b 
are of the same sign, the numerically larger 
stress resultant is added to the corresponding 
CSR of the same sign. 
If the stress resultants are of oppos-ite_signs, 
the positive stress resuftant is added to the 
corresponding positive CSR and t~e negative stress 
resultant is added to the corresponding negative 
CSR. 
The absolute values of the stress resultants due 
to loadings a and b are compared. If the stress 
·resultant due to loading a is numerical ly larger, 
it is added to the corresponding CSR of the same 
sign and the absolute value of the stress 
resultant due to ·loading b is added to the 
correspondfng CSR of the opposite sign, with the 
sign of the CSR. 
I' If the stress resul tant due to loading b is numerical ly equal or larger, the absolute value 
I of the stress resultant is added to the corresponding CSR's of both signs, with the ~ sign of the CSR. I 5--------r--R-u-l-e-:---T-h-e-·-a-b-s-o-I-u-t-e--v~a-l-u-e-s--o-f--t-h-e--s-t-r-e-s-s--r-e-s-u-l-t-a-n-t-s--d-u-e--~ 
+ 
+a OR +b to load i ngs a and bare compa red, and the 
numerical ly larger value is added to the 
corresponding CSR's of both signs, with the sign 
of the CSR. 
Corresponding indicates same location 
CSR stands for Combined Stress Resultant 
TABLE 9. LOADING COMBINATIONS FOR GIRDERS 
Cr i terion 
for set of 
quantities 
Maximum 
P 
_. 
Maximum 
Positive 
M 
x 
1.....---, 
LOADING UNIT 
1 3 
Non-reversible loading, a Non-reversible loading a OR Reversible loading ~ b 
. Check P Check Pa'Pb a 
P 'positive 
a 
P negative 
a 
Both positive One positive 
P 1 arger 
a 
Pb larger P positive a Pb positive 
Add a No 
Can t r i bu t ion Add a Add b Add a Add b 
Check M Check M ,M b xa xa x 
M positive 
xa 
M negat i ve 
xa 
Both positive One pos·j t i ve 
M larger 
xa MXb larger M positive xa Mxb' pos it i ve 
Add a No 
Can t r i bu t ion Add a Add b Add a Add b 
TABLE 10$ LOADING COMBINATIONS FOR COLUMNS (LOADING UNITS 
1,3,4andS) 
I 
I 
I 
0'\ 
+:" 
Criterion 
for set of 
q_uant it i es 
Maximum 
P 
Maximum 
Positive 
M 
x 
LOADING UNIT 
4 5 
a OR t b ± a OR ± b 
Compare Jp a~ and Ipbl Compare Ip al and IPbl ! I 
I 
I 
IPallarger Ipb) larger or Pa negative IPal 1 a rger IpbJ 1 arge r 
and 
P positive 
a 
Pb positive Pb negative P positive a P negative a Pb positive Pb negative 
Add a Add b Subtract b Add a Subtract a Add b Subtract b 
Compa re I Mxal and I MXbl . Compa re I Mxal and IMxbl 
1M 11 arge r xa
and 
IMxbi larger or Mxa negativ~ IMxallarger IMxb~ 1 a rge r 
M positive 
xa Mxb positive Mxb negative M positive xa M negative xa Mxb positive Mxb negative 
Add a Addb Subtract b Add a Subtract a Add b Subtract b 
-- '--._-- ----- -----.- ----------- ------
--
~ 
TABLE 1 De (Cont i nued) 
0'\ 
0\)1 
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Criterion Loading Unit 
for set of 2 quan tit i es Reversible Loadinq, -ta 
Check P 
a 
P positive P negative p ::: 0 
a a a 
Add a Subtract a 
Maximum Add a Subtract a 
IMxJ+JMyl SUM b =IMxf+IMyJ SUM = P a 
Compare SUMa and SUMb 
SUM 1 a rge r SUMb 1 a rge r a 
Add a Subtract a. 
Check M 
xa 
M f: 0 M = 0 
xa xa 
Maximum Add a Subtract a Check My 
Positive SUM 
=JMxl +IMyl SUMb =IMxl +1 My) My positive My negative p a 
Compare SUMa and SUM b Check Mya 
--M- ... -
-M M M SUM 1 a rge r SUMb 1 a rger ya ya ya ya a pas. neg. pOSe neg. 
Add a Subtract a Add a Sub. a Sub. a Add a 
TABLE 11. LOADING COMBINATIONS FOR COLUMNS (LOADING UNIT 2) 
I 
LOADING 
Analysis Sym. 
A 1 te rna t i ve ; Dead Load Fu 1 1 Live Loa d Live Load Maxima Lateral Ld. 
MA Me MB MA Me MB MA Me MB MA MB 
; ( 1. 3 -3.2 3.3) 
1 -42.1 27.0 -47.5 -27. 1 17.4! -30.4 -28.4 20.5 -33.7 24.2 -22.0 
2 -37. 1 26.8 -53.2 -23.8 17.2 , -3402 -26.2 20.4 -35.9 24·.6 -22.3 
1fI 3 ' -42. 1 27.0 -47.5 -27. 1 1704 -30.4 -28.4 20.5 -33.7 24.2 -22.0 
Q) Q) 4 -42.2 27.0 -47.5 -27. 1 17.3 -30.4 -28.4 20.5 -33.7 24.2 -22.0 E > 
co·- 5 -42. 1 27.0 -47.5 -27. 1 17.4 -30.4 -28.4 20.5 -33.1 24.2 -22.0 L +oJ 
lL. co 6 -42.2 27.0 -47.5 -27. 1 17.3 -30.4 '-28.4 20.5 -33.7 24.2 -22.0 c 
Q) L 7 -37. 1 26.8 --53.2 -23.8 17.2 -34.2 -26.3 20.4 -35.9 24.6 -22.4 U Q) 
co +oJ 8 -37. 1 26.8 -53.2 -23.8 17.2 i -34.2 -26.2 20.4 -35.9 21.J·.6 -22.4 0.. ...-' 
<.ne::( ( 2.5 -3.3 +1 . 7) 
9 .. 37. 1 26.8 -53.2 -23.8 17.2 t -34.2 -26.3 20.4 -35.9 21.J·.6 -22.4 
10 
-37. 1 2608 -53.2 -23.8 17.2 .-3402 -27.0 20.4 -35.8 
I 
( 1. 2 -3.4 304) 
1fI 1 -41 .6 27~ 1 -47.8- -26.8 17.4- -30.6 -28.0 20.8 
-33.9 23.1 -20.9 Q) Q) 
E > 2 I -36.7 26.9 -53.4 -23.5 17.3 I .-34.3 -25.9 20a7 -36.3 23. 1 -21.0 co·-
L +oJ 3 -41.7 27. 1 -47.8 -26.8 17.4! -3006 -28.0 20.8 -33.9 23. 1 -20.9 lL. co 
c 4 -3608 26.9 -53.4 -23.6 17.3 -3L~.3 -25.9 20.7 -36.3 2302 -21.0 Q) L 
C Q) 5 -36.8 26.9 -53.4 -23.6 17.3 "3L~G3 -26.9 20.7 -36.0 co +oJ 
...- ...- 6 16.0 - 8.0 a...e::( 
Units: Moments in. kip fto 
TABLE 12. STRESS RESULTANTS OF GIRDER }, FLOOR 1 
Unsym. 
Lateral Ld. 
MA MB 
27.3 -24.8 
27.7 -25.2 
27.2 -24.8 
27.3 -24.8 
27.2 -24.8 
27.2 -24.8 
27.7 -25.2 
27.7 -25.2 
27.7 -25.2 
(j\ 
-...:..J 
LOADING 
Analysis Fu 11 live load Symo 
Al ternat i ve Dead load Live load Maxima Lateral Load 
p My P M P My P M My 
-L x 
1 17.9 40~LJh 11.5 26.0 11.9 25.0 -2.8 22.8 -23.5 
2 17.5 35~·77 11.2 22.9 11.8 23. 1 -2.9 22.8 :.J2:3?8 
til 3 17 .. 9 40.4 11 .5 26.0 11.9 25.0 -2.8 22 G 8 ~2J;;:5 
Q) Q) 4 17.9 40.4 11.5 26.0 11 .9 25.0 -2.8 22.8 ~2]~5 E > 
m .- 5 17 .. 9 40.4 11.5 26.0 11.9 25.0 -2.8 22.8 ~23.5 L 4-J 
lL. co 6 17.9 40.4 1L5 26.0 1L9 25.0 -2.8 22.8 -23.5 e 
Q) !... 7 17.5 35.7 11.2 22.9 11.8 23.2 -2.9 22 .. 7 -23.8 U Q) 
C04-J 8 17.5 35.7 11.2 22.9 11 .8 23. 1 -2.9 22.7 -23.8 0..-V)« 9 17.5 35.7 11.2 22.9 11.8 23.3 -2.9 22.7 -23.9 
10 17.5 35.7 11.2 22.9 11.8 23.7 
til 1 17.6 41.6 11.3 26.8 11.7 27.9 -2.8 -23. 1 Q) Q) 
E > 2 16.9 36.7 10.8 23.5 11.4 25.9 -2.8 -23 .. 1 m·-
!...4-J 3 17.6 41.7 11.3 26.8 11.7 27.9 -2.8 -23. 1 lL. m 
e 4 16.9 36.8 10.9 23.6 11-.4 25.9 -2.8 .. 23.2 Q) l-
e Q) 5 16 .. 9 36.8 10.9 23.6 11.5 26.9 m 4-J 
-- 6 
-1.5 -16.0 0..« 
- .. --~~--
Units: Axial loads in kips; Moments in kip fto 
TABLE 13 ~ STRESS RESULTANTS OF COLUMN 4, STORY 1 
Unsym. 
Lateral Load 
P M My_ x 
-3.2 6.4 =2605 
-3.3 6.5 ;"26~8 
-3.2 22.9 -26.4 
-3.2 6.4 -26.5 
-3.2 6.4 -26.4 
-3.2 6. L~ -26.5 
-3.3 6.5 -26.8 
-3 .. 3 6.5 -26.8 
-3.3 6.5 -26.9 
----- --- --~-
~ 
00 
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Analysis Displacement 
Alternative Floor 4 Floor 3 Floor 2 F 1 oar 1 
1 889.7 2111.4 2827.9 3231.2 
2 885.5 2095.8 2799.1 3187.8 
3 889.2 2111.0 2827.4 3230.8 
U'l 4 889.6 2111. 0 2827.2 3230.3 Q) Q) 
E > 
co o - 5 888.7 2110.4 ·2826.8 3230.3 !.. -!-J 
L.!.. co 
c 6 888.8 2110.6 2826.8 3230.3 Q) !.. 
U Q) 
co -!-J 7 885.4 2095.5 2798.7 3187. 1 Cl. ..-
U')c::( 
8 884.5 2095.0 2798.1 3187.0 
9 884.6 2095.1 2798.2 3187.0 
1 1125.6 2547.4 3325.5 3729.2 
U'l 2 1119.2 2524.4 3283.5 3666. 1 
Q) Q) 
E > 3 1125.6 2547.6 3325.7 3729.2 co 0-
!.. .j...J 
L.!.. co 4 1119.4 2524.8 3283.7 3666.3 c 
Q) !.. 
C Q) 6 553. 1 948.3 1097.6 1147.4 co +J 
..- .--
Q..c::( .. 
Note: The vaues tabulated represent the displacements in 
inches times the modulus of elasticity of concrete 
in kips/sq. in. 
TABLE 14. LATtRAL X DISPLACEMENTS OF COLUMN 5 
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Analysis Execution 
Alternative Time, Seconds 
1 325 
2 .236 
3 232 
,. 
4 205 
U'l 
OJ OJ 5 174 E > 
ctl .-
!... .j.J 
LL. ctl 6 1S6 c 
OJ !... 
U OJ 
ctl.j.J 7 166 o..~ V)« 
8 13S 
9 129 
J 0_ 1--- -- - 102 
---
... - I -_. --
, 
1 Sl 
"') en 
it.. .JV 
U'l 
OJ OJ ':{ ~l 
E > 
"'" 
",.,. 
ctl .-
!... .j.J 
LL. ctl 4 SO b 
OJ !... 
C (l) 
ctl .j.J S 49 
c...c::( 
6 37 
TABLE lS. COMPUTER TIME FOR DIFFERENT ALTERNATIVES 
{:. 
Design Analysis Positive :DES I GN QUANTITI ES 
or 1 2 3 4 5 6 7 8 9 10 11 12 Method Alternative Negative I 
S. F. 1 Positive - 4.8 - 689 -12.4 -16.7 ~ 9.1 -11.5 -19.5 -25.2 22.2 47.5 24.5 51.7 Vl Negative -38.6 -40.9 -71.0 -81.1 ~41.6 -46.0 -79.6 -92.5 8.5 17.0 9.7 19.4
1 
Vl 
I.lJ I 
L. I 
-I-' Positive ... 3.9 - 8.6 - 7.5 -21.8 ~ 8.4 -12.7 -15.9 -28.9 U') S.F.9 22.2 47.2 24.5 51.5 
m Negat ive -37~0 -42.8 -66.1 -89.1 ~40.3 --47.5 -74.5 -98.3 8.5 16.8 9.7 19.31 
c 
o-
j ~ Positive - 5.3 - 7.1 -13.0 -17.6 ~ 9.5 -11.6 .... 2081 -26.2 22.1 48.0 24.3 52.2 : L. P. F. 1 ~ Negat i ve -38.4 -40.6 -69.5 -81.7 ;-41.5 -45.8 -78.7 -93.1 8.5 16.9 9.7 19.3 
"" 
I 
..c Positive - 3. 6 ... 6. 6 - 1 1 • 2 - 1 8 . 6 !- 9. 4 -12.4 -2008 -29.0 36.1 77.4 39.8 84.2 -I-' S. F 0 1 m Negative -64.4 -68.1 -118 .. 3 -131.9 i-67.4 -74.6 -129.1 -150.1 11~1 23.1 12.5 25.9 c 
OJ 
L. 
'-I-' Positive - 2.9 - 8.3 - 6.3 -23.3 ~ 8.9 -13.8 -17.3 -32.4 36.0 76.9 39.7 83.9 U') S.F.9 
(J) Negat i ve -6 1 . 6 - 70 • 2 - 11 o. 1 -144 .. 4 1-6 5 . 5 -76.9-120.9 -159.2 11.1 22.9 12.5 25.8 
-I-' 
ro 
E Positive - 3. 9 ... 6. I' - 1 2 . 0 ... 20 . 0 !- 9. 6 -12.4 -21.7 -30.6 35.9 78.2 39.6 85.1 0- P. F. 1 -I-' Negative -64.0 -67.6 -11509 -132. 7 ;-67.3 -74.2 -127.5 -151" 1 11.1 23.2 12.5 26.0 .--
::> 
--~----~- ---- ,~-~ 
Units: Moments in kip ft. 
TABLE 16" DESIGN QUANTITIES OF SLAB 1, FLOOR 1 
DESIGN QUANTITIES 
Design Analysis Column Maximum P Maximum M Maximum My 
Method A 1 te rnat i ve End x p M M P M M P M M 
x Y x Y x Y 
IJ') s. F. 1 B 29.8 0 65.4 19.9 30.2 57.6 24.4 -17. 1 68.3 
IJ') A 34.7 0 3107 28.5 16.3 37 .. 4 34.0 o r 50. 1 Q} 
1-
.j..J 
V) B 29 .. 2 0 58.9 19.5 30. 1 53 .. 3 24. 1 -17.0 63.7 
01 S.F.9 A 34. ] 0 27. 1 27.9 16.5 33.3 33.3 0 45.7 c 
.-
~ 
1- B 30. 1 0 69.5 29.2 28.5 69.5 ~ P. F;, 1 A 34.9 0 46.1 33.4 15. 1 51.1 
..r: 
.j..J B 48.3 0 105.6 33.] 50.4 96. 1 40.7 -28.5 11 ~. 8 01 s. F. 1 c A 55.6 0 48.6 44.4 29.3 58.8 54.4 0 81.6 Q} 
1-
.j..J 
V) B 47.4 0 95.3 32.5 50.2 88.8 40.1 -28.4 106 .. 1 
Q} S.F.9 A 54.6 0 4102 43.5 29.7 52.4 53.3 0 74.7 
.j..J 
IU 
E 
0- B 48.7 0 ] 12.6 40.0 47.4 115.9 
.j..J P .. F. 1 
- A 55.9 0 74.3 53.5 27. 1 83.3 
=> 
~-t..- - - - ~~- - - -.-~-- -~-.-.~-.L--- --- ----- --.~---.-.- --------.. --
Units: Axial loads in kips; Moments in kip ft. 
TABLE 17. DESIGN QUANTITIES OF COLUMN 4, STORY 1 
I 
I 
'.J 
N 
Analysis 
A 1 te rna-
tive 
S. F. 1 
S.F.9 
P. F. 1 
i', 
173 
DESIGN METHOD 
WORKING STRESS 
.700 0 .800 
o o .370 
.199 0 .22( 
o .226 0 
.B02* 0 .848 
0+ .346 0 
.651 0 .878 
o .367 0 
.187 0 .237 
o ? 225 0 
.767 0 .893 
o .345 0 
.685 0 .805 
o .373 0 
.196 0.220 
o .227 0 
.797 0 .842 
0 .344 0 
Top s tee 1 a rea + ' Bottom steel area 
Un i ts: Steel areas in sq. in.lft. width of 
ULTIMATE STRENGTH 
.609 0 .685 
o .305 0 
176 0.191 
o . 194 0 
.705 0 .754 
o .284 0 
.564 0 .759 
o .303 0 
1'166 0 .20~ 
o .193 0 
.672 0 .778 
o .283 0 
".596 0 .689 
o .308 0 
173 0 .191 
o .195 0 
.701 0 .747 
0 .282 0 
the slab 
TABLE 18. REINFORCING STEEL IN LONGITUDINAL DIRECTION OF 
SLAB- 1, FLOOR 1 
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AnalysIs DESIGN METHOD Alterna-
tive WORKING STRESS ULTIMATE STRENGTH 
1 .. 092 .296 1.040 .950 .240 
.455 0 .321 0 0 
S .. F. 1 0 0 0 0 0 
.429 .294 .453 .354 .239 
,r 
.248 .211 
.981' a .887 .848 0 
. 175 0 0 
1 • 128 .310 1.108 .983 .253 
.551 0 .499 a 0 
S.F.9 0 0 0 0 0 
.428 .293 .451 .353 .238 
.950 .236 .826 .821 .201 0 0 
.102 , 0 0 
1 .. 085 .297 1.047 .944 .241 
.439 0 .340 0 0 
P .. F" 1 0 0 0 0 0 
.426 .294 .457 .352 .240 
.979 .246 .. 872 .846 .210 
• 171 0 0 0 0 
-;', 
Top Steel 
+ Bottom Stee 1 
Units: Steel areas in sq. in./ft. width of the slab. 
TABLE 19. REINFORCING STEEL IN LATERAL DIRECTION OF 
SLA~ 1, FLOOR 1 
.903 
0 
0 
· 375 
.764 
0 
.965 
0 
0 
.374 
.708 
0 
910 
0 
0 
380 
754 
0 
DESIGN METHOD 
Column Workinq Stress Ultimate Strenqth Story S" F. 1 S.F.9 P $ F" 1 S. F. 1 S.F.9 No. t Ast t Ast t Ast t Ast t Ast 
1 20 18.72 20 15.24 20 18.72 19 12" 48 . 18 15.24 
1 2 19 15.24 19 15.24 19 15.24 17 12.48 18 10. 16 3 21 18.72 20 18.72 20 18.72 18 15.24 18 15.24 
4 23 20.32 23 20.32 20 1~.72 19 15.24 19 15.24 
1 19 -15.24 19 15.24 20 18.72 18 12,,48 18 12.48 
2 2 20 15.24 20 15.24 20 18.72 17 12 .. 48 17 12.48 3 21 18.72 21 18.72 21 20.32 18 15,,24 18 15.24 
4 21 20.32 21 20 .. 32 22 20.32 19 15024 19 15.24 
1 19 15.24 19 15.24 20 15.24 18 12,,48 17 12.48 
4 2 20 15.24 . 20 15.24 20 18.72 18 10., 16 17 12.48 3 21 18.72 21 18.72 21 20.32 18 15.24 18 15.2~ 
4 20 18.72 20 18.72 23 20.32 19 15,,24 19 15.24 
1 18 12 .. 48 18 12.48 19 15.24 15 10" 16 15 1 0. 16 
5 ' 2 20 15.24 20 15.24 21 18.72 17 12,,48 17 12.48 3 20 18.72 20 18.72 21 20.32 1-9 15m24 19 15.24 
4 21 18.72 21 18.72 22 20.32 - 20 18" 72 20 18072 
<--. -- '-------~.-~--.--~--- .. -~~-
- - - -------- -
Un i ts: tin inches; A,s tin 5 q. in. 
TABLE 20. RESULTS OF DESIGN FOR COLUMNS 1,.2,4&5 
P. F" 1 
t Ast 
18 15.24 
17 12~48 
18 12.48 
18 15.24 I 
18 15.24 I 
18 12048 i 
18 15.24 
19 15.24 
18 15.24 
18 12.48 
]9 15.24 
20 18.72 
16 12.48 
18 15.24 
20 18.72 
21 18.72 
" V1 
176 
Design Analysis Quantities 
Method Alternative Slabs Columns 
Concrete Steel Concrete Steel 
S. F. 1 1030 1 24416 50.4 28162 
en 
C If) S.F.9 103 .. 1 24769 49.8 27598 .- If) 
~ OJ 
l... l.-
O.i-J 
:::tV') P. F. 1 103 o· 1 24288 50.2 29581 
S. F .. 1 103.1 17813 39.9 22122 
Q)..c 
+...J .i-J S.F.9 103 G 1 17815 39.4 22384. ro en 
E C 
.- OJ 
+...J l.- P. F. 1 103 .. 1 17832 40. 1 23355 ,..... .i-J 
=> V') 
Un i ts : Cone re te in cu. yds.; S tee 1 in 1 bs . 
TABLE 21. MATERIAL QUANTITIES 
177 
Co 1 umns Story DESIGN NO. 
1 2 3 
Tr ia 1 t = 2111 Trial t = 12" Tria 1 t = 30" 
t 
Ast 
t 
Ast 
t 
Ast (5 cycles) (6 cycles) (7 eyc 1 es) 
1 21 20.32 19 20.32 21 20.32 
1 ,4 2 14 8.00 16 12.48 14 8.00 
3 21 24.96 21 24.96 21 24.96 
1 18 15.24 16 15.24 18 15.24 
2,3 2 18 18.72 18 18.72 19 20.32 
3 19 18.72 19 18.72 .18 18.72 
1 21 20.32 19 20.32 21 24.96 
r: Q I') I') 1 "J I, nC. 10 10 ..",.., 1-, 15.24 .J,v L.. L..I L.-r.:;JV IV IU./L 1/ 
3 19 18.72 19 18.72 21 24.96 
1 15 12.48 15 12.48 15 12.48 
6,7 2 19 20.32 20 20.32 19 20.32 
3 23 31.20 24 31. 20 23 31.20 
1 21 24.96 21 24.96 21 24.96 
9, 12 2 18 18. 72 18 18.72 18 18.72 
3 21 24.96 21 24.96 21 24.96 
1 21 20.32 18 18.72 21 20.32 
10, 11 2 21 24.96 21 24.96 21 24.96 
3 21 24.96 20 20.32 21 24.96 
Un i ts: t in inches; Ast in sq. in. 
TABLE 22. RESULTS FOR COLUMNS, DES!GN NOS. 1,2 AND 3 
178 
Des i gn Longitudinal Direct ion Lateral Direction No .. 
1.00tk 0 1 .226 
0+ 
.445 0 
.... ...... . -
-_. . ..... 1.534. 1 - .0382 
.386 0 
1 .249 0 .318 0 0 
0 .275 0 
.646 .443 
. 
1 .871 .479 
.61 1 0 
.879 0 1 • T 58 
0 .410 0 
1 .010 0 10233 
0 .446 0 
1.538 .377 
.394 0 
2 .235 0 .324 0 0 0 .283 0 .653 .450 
1.790 .477 
.507 0 
.789 0 1 • 193 
0 .455 0 
I 
1.005 0 1 • 22~ 
I 0 .447 0 I I 1 ""20 j ..,°2 I • .? .)0 
.353 0 
3 .234 0 .322 0 0 0 .282 0 .651 .446 
1 .774 .467 
.487 ·0 
.787 0 1. 184 
0 .449 0 
-;', 
Top Stee 1 + Bottom Steel 
Units: Steel areas in sq. in./ft. width of the slab. 
TABLE 23. REINFORCING STEEL FOR SLAB 4, FLOOR 2 IN DESIGN 
NOS. 1,2,3 
~ .348-
0 
0 
.685 
.613 
.576 
1.310 
0 
0 
.698 
1 .658 
.684 
I 
I, )'0 I 
/' · 0
0 
0 
.686 
1.608 
.563 
179 
Des i gn Cycle 
No. No. Concrete Stee 1 
-~ 
-
--
Slabs Columns Total Slabs Columns 
1 245.3 56.3 301.6 43843 38015 
1 5 
(final) 245.3 52.9 298.2 44053 37683 
1 245.3 42.9 288.2 50964 30396 
2 6 
(final) 245.3 50.3 295.6 44749 36499 
1 245.3 77.2 322.5 40467 58077 
3 7 
(final) 245.3 52.4 297.7 43979 38'030 
Units: Concrete in cu. yds.; Steel in lbs. 
TABLE 240 MATERIAL QUANTITIES FOR DESIGN NOS. 1, 2 AND 3 
Design 
Nos. 
4 
5,6 
GROUPS OF SLABS OF EQUAL DEPTH 
Group No. S tor i es Slabs Depth, 
1 1 ,2 A 11 10 
2 3 A 11 11 
1 1 ,2,3 1 ,2, 3 10 
2 1 ,2,3 4,5,6 1 1 
TABLE 25. SLAB GROUPS AND SLAB DEPTHS FOR 
DESIGN NOS. 4, 5 AND 6 
in. 
Total 
81858 
81736 
81360 
81248 
- 98544 
82009 
IBO 
GROUPS OF COLUMNS OF EQUAL DIMENSIONS 
Group Story Trial Column CYCLE 1 CYCLE 3 No. No. t Nos. 
Calculated Rev i sed Calculated 
t Ast t A ' st t Ast 
1 ] 21 1,4 20,T\" 20.32 21 IB.72 20'fA 20.32 9, 12 2] 24.96 21 24.96 21 " ,24.96 
~ 
.'A 
2 2 20 1,4 IB" 1B.72 18 18.72 17"A 15.24 9" 12 18 18.72 18 18.72 18" 15.24 
if, .'A 
3 3 21 1,4 21 20.32 21 20.32 21" 24.96 9, 12 21 24.96 21 24.96 21 24.96 
2,3 1B 18.72 20 15.24 18 18.72 
4 1 20 5,8 19 18.72 20 18.72 19 20.32 
10, 11 .'A 20"\" 20.32 20" 20.32 20 20.32 
2,3 19 18.72 20 1B.72 19 18.72 
5 2 20 5,8 19 18 9 72 20 18.72 20,T\" 18072 
10, 11 20"\" IB.72 20 18.72 20 20.32 
2,3 20 20.32 21 18.72 19 20.32 
6 3 21 5,8 20 20.32 21 18.72 19 20.32 
10, 11 2 p'" 24.96 ' 21 24.96 20"\" 20.32 
GROUPS OF IDENTICAL COLUMNS 
7 1 18 6,7 16 12.48 16 12.48 15 12.48 
8 2 20 6,7 19 20.32 19 20.32 19 18.72 
9 3 22 6,7 23 31.20 23 31.20 23 31.20' 
,'( 
Denotes control dimension of group 
Un i ts: t in inches; Ast in sq. in. 
TABLE 26. COLUMN GROUPS AND RESULTS FOR COLUMNS, 
DESIGN NO~ 4 
(Final) 
Revised 
t Ast 
21 1B.72 
21 24.96 
IB 15.24 
18 15.24 
21 24.96 
21, ' 24 .. ·96 
20 15.24 
20 IB.72 
20 20.32 
'20 1'8.}2 
20 IB.72 
20 20.32 
20 18.72 
20 18.72 
20 20.32 
15 12.48 
19 18.72 
23 31.20 
181 
GROUPS OF COLUMNS OF EQUAL DIMENSIONS 
Group Tr ia 1 Story Column Cycle 
No. t No. Nos. 
Calculated 
t Ast 
1,4 20 20.32 
1 9, 12 21 24.96 
1 ,4 20 20.32 
1 21 2 9, 12 20 20.32 
,'~ 
1,4 21" 24.96 
3 9, 12 21 24.96 
2,3 19 20.32 
1 5,8 19 20.32 
10, 11 20 18.72 
2,3 19 20.32 
2 20 2 5,8 19 20.32 
10, 1 1 20 20.32 
2,3 19 20'.32 
,I~ 
3 5,8 20" 18.72 
1 0, 1 1 20 20.32 
1 6,7 16 12.48 
3 22 2 6,7 20 20Q32 
3 6,7 23 
... }( 
31.20 
,'(" 
Denotes control dim~nsion of group 
Units: t in inches; A t in sq. in. s _ 
1 
Rev i sed 
t Ast 
21 18.72 
21 24.96 
21 15.24 
21 18.72 
21 24.96 
21 24.96 
20 12.48 
20 18.72 
20 18.72 
20 18.72 
20 18.72 
20 20.32 
20 18.72 
20 18.72 
20 20.32 
23 10. l6 
23 18.72 
23 31.20 
Cycle 2 (F i na 1 ) 
Calculated Rev i sed 
t Ast t Ast 
20 20.32 21 18.72 
21 24.96 21 24.96 
20 20032 21 15.24 
20 20.32 21 18.72 
21 
"jl: 
24.96 21 24.96 
21 24.96 .21 24.96 
20 '12.48 20 12.48 
19 20.32 20 18.72 
20 18.72 20 18.72 
19 20.32 2,0 18.72 
19 20.32 20 18.72 
20 20.32 20 20.32 
19 20.32 20 18.72 
,I~ 
20" 18.72 2018.72 
20 20.32 20 20.32 
15 12.48 23 10.16 
20 20.32 23 18. 72 
23 
L', 
31.20 23 3 J .20 
TABLE 27. COLUMN GROUPS AND RESULTS FOR COLUMNS,. DESIGN NO.5 
I 
182 
DESIGN NO. 4 DES IGN NO. 5 DESIGN No.6 
Column Story 
Nos .. No. t Ast t Ast t Ast
' 
1 21 18.72 21 18972 21 18 .. 72 
1,4 2 18 15.24 21 15.24 21 15.24 
3 21 24.96 21- 24.96 21 20.32 
1 20 15.24 20 12.48 21 15.24 
~ 
2,3 2 20 18.72 20 18.72 21 18.72 
3 20 18.72 20 ]8.72 21 18., 72 
I I 
18" 72 1 20 18.72 20 18.}2 21 
5,8 2 20 18.72 20 18.72 21 18. 7~ 
3 20 18.72 20 18.72 21 18 • .72 
1 15 12048 23 10. 16 23 10 .. 16 
6,7 2 19· 18.72 23 18.72 23 . 18.72 
3 23 31.20 23 31" 20 23 31 .. 20 
1 21 24.96 21 24.96 21 24 .. 96 
9, 12 2 18 15.24 21 18.72 21 18.72 
3 21 24.96 21 24.96 21 24.96 
1 20 20.32 20 18.72 21 20.32 
10, 11 2 20 20.32 20 20.32 21 .20.32 
3 20 20.32 20 20.32 21 18.72 
Units: t in inches; Ast in sq. in .. 
TABLE 28. SUMMARY OF RESULTS FOR COLUMNS, DESIGN NOS. 
4, 5 AND 6 
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Design Concrete Steel 
No. Slabs Columns Total Slabs Columns 
1 245.3 52.9 298.2 44053 37683 
4 266.4 54.0 315.0 39279 35679 
5 266.4 59.1 325.5 38355 35612 
6 266.4 61.9 328.3 38355 34866 
Units: Concrete in cu. yds.; Steel in lbs. 
TABLE 29. MATERIAL QUANTITIES FOR DESIGN NOS. 1, 
4, 5 AND 6 
-;r, 
Des i gn Group Identical 
Total 
81736 
74958 
73967 
73221 
Nos. No. Slabs Story Slabs Depth, in. 
~'\ 
1 1,3 
1 1 ,2,3 2 1 , 3 
3 1 ,3 
7,8 
1 4,6 
2 4,5,6 2 4,6 
3 4,6 
Groups of slabs of equal depth. 
TABLE 30. SLAB GROUPS AND SLAB DEPTHS FOR 
DESIGN NOS. 7 AND 8 
10 . 
11 
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Group + Trial Story Identical Control Calculated Revised 
No. t No. Columns Co 1 umn-s t Ast t Ast 
1 1,4,9,12 9 21 
;,'( 
24.96 21 24.96 
1 22 2 1,4,9,12 9 19 18.72 21 18.72 
3 1,4,9,12 9 19 18.72 21 18.72 
2,3,5,8, 5 22 18.72 1 
.'. "., ,,1. (i~ I 1 0, 1 1 10 22 24.96 " L.L. L.'"'t.;JU 
,':: 
2,3,5,8, 5 21 20.32 2 22 2 .r. 22 20.'32 10, 1 J 10 22" 20.32 
,'A 
2,3,5,8, 5 21 24.96" 3 10, 11 10 21 24.96 22 24.96 
1 6,7 6 23 12.48 23 12.48 
3 22 2 6,7 6 23 18.72 23 18.72 
6,7 6 
if: 
3 23 31.20 23 31 .20 
+ Groups of columns of equal dimensions. 
Denotes control dimension or control area of group. 
Units: t in inches; Ast in sq. in. 
TABLE 31. COLUMN GROUPS AND RESULTS FOR COLUMNS, DESIGN NO.7 
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GROUPS OF IDENTICAL COLUMNS 
Group Trial Identical Story Control Calculated Rev i sed 
No. t Columns No. Column t Ast t Ast 
1 2 22 
-/, 24.96 
1 20 2,3 2 2 20 18.72 22 24.96 
3 2 19 18.72 
--}, 
24.96 1 5 23 
2 21 1 ,4,5 2 5 20 20.32 23 24.,96 8,9,12 
3 5 19 18.72 
1 6 23 24.96 
3 23 6,7 2 6 23 24.96 23 31.20 
~,~ 
3 6 23" 31.20 
if, 
'37.44 1 10 25 
4 22 10, 11 2 10 22 24.96 25 37.44 
3 10 21 24.96 
," Denotes control column of group~ 
Un i ts: t in inches; Ast in sq. ill. 
TABLE 32. COLUMN GROUPS AND RESULTS FOR COLUMNS, DESIGN 
NO. 8 
Desig!1 Concrete Steel 
No. 
Slabs Columns Total Slabs Columns 
5 266.4 59. 1 325.5 38355 35612 
7 266.4 64.8 331 .2 46325 39866 
8 266.4 73.0 339.4 65095 50450 
Un i ts : Cone re te in cu. yds.; 5 tee 1 in 1 bs . 
TABLE 33. MATERIAL QUANTITIES FOR DESIGN 
NOS. 7 AND 8 
Total 
73967 
86191 
115545 
Design Change in 
output Data 
P No change R 
E f == 1305 ps i instead L 
ofa 1350 psi I 
.M Max. live load instead 
I of fu 11 1 ive load 
N 
A Max • 1 i ve load and 
. ~ f == 1305 psi 
" 
ca 
, 
No change 
f == 1305 psi instead 
F caof 1350 psi 
I 
N Maxo 1 ive load instead 
A of fu 11 1 ive load 
L Max. 1 ive load and 
f == J 305 ps i 
ca 
, Out of 324 points. 
i Slabs 
Nos iof No. of 
Point~ con- Max. Points 
crete :Over- over- steel over-
stres!sed stress % stressed 
8-1: 0.5 0 
38 400 0 
" 32 5.0 302 
62 8.6 302 
i 
o _: 0 0 
42 3.4 0 
I 
38 5.0 300 
68 8.6 300 
TABLE 34.. CHECKING OF DESIGN NO. 5 
Maxo 
over-
stress % 
0 ( 
0 
3L8 
3108 
0 
0 
67.6 
67.6 
Columns 
Max. 
No" Unsafe 
Unsafe % 
0 0 
0 0 
4 1.4 
4 1.4 
0 0 
.0 0 
4 104 
4 1.4 
I 
I 
(X) 
Q"\ 
APPENDIX A 
GENERATION OF TOPOLOGICAL INFORMATION 
A. 1 Numbering Scheme and Definition of Symbols 
Since the processing of a structure is performed by stories, the 
same numbering scheme is appl icable to the elements of every story in the 
structure. Figure A. 1 shows the internal numbering scheme used for the 
elements of a typical story. 
The fo1 lowing list defines the common symbols occurring in the 
program segments given in Art. A.2 and A.3: 
NBAY Number of bays 
NBP = NBAY + 1 
NAISLE = Number of ais1es 
NAP = NAISLE + 1 
NG = Total number of girders (longitudinal plus lateral) in 
one floor of the s frame 
NLONG = Number of longitudinal girders in one floor of the 
space frame 
I = Story number (starting from the top of the structure). 
A.2 Topological Relations for Space Frames 
1) Given: Slab number, J 
Reguired: Aisle number, KAISL, bay number, KBAY, and corner joint numbers, 
JOINT(K). The numbering of the joints at the corners of an 
individual slab is as shown in Fig. A.2(a). 
P rog ram Segmen t: 
KAISL 
KBAY 
i+ (J~ 1)/NBAY 
= J- (KAIS L-l ) 'kNBAY 
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JO INT (1) = (KAIS L-l ) "kNBP+KBAY 
JOINT(2) = JOINT(l)+l 
JOINT(3) = JOINT(I)+NBP 
JOINT(4) JOINT(3)+l 
2) Given: Space frame joint number, J 
Required: Longitudinal frame number, LFNO, and lateral frame number, 
LATFNO, intersecting at joint J. 
Program Segment: 
LFNO = l+(J-l)/NBP 
LATFNO = J-(LFNO-l)*NBP 
3) Given: Space frame joint number, J 
Reguired: Space frame member numbers, MEMB(K), of the members 
framing into the joint. The sequence in which the members 
framing into the joint are considered and their direction is 
shown in Fig. A.2(b). 
Determination: The following admixture of FORTRAN and non-FORTRAN 
statements describes the determination of MEMB(K): 
MEMB (5) = NG+J 
If LFNO > 
MEMB (1) = NLONG+(LATFNO-l )"kNAISLE+LFNO-l 
If LATFNO > 1 
MEMB (2) = (LFNO-l )-;',NBAY+LATFNO-l 
If LATFNO < NBP 
MEMB (3) = (LFNO-l) -;',NBAY+LATFNO 
If LFNO < NAP 
MEMB (4) = NLONG+ (LATFNO-l ) -;',NAIS LE+LFNO 
If I > 1 
r-1EMB (6) -= NG+J 
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4) Given: Slab number, J 
Required: Space frame member numbers, LBEAM(K), of the girders along 
the edges of the slab. The numbering of the girders for 'an 
individual slab is as shown in Fig. A.2(a). 
Program Segment: 
LBEAM (]) = J 
LBEAM(2) = J+NBAY 
LBEAM (3) = NLONG+KAIS L + (KBAY-l ) "kNAIS LE 
LBEAM(4) = LBEAM(3)+NAISLE 
5) Given: Slab number, J 
Required: The four .adjacent slabs, NSL(K). The numbering of the 
adjacent slabs associated with Slab J is shown in Fig. A.·2(c). 
De term ina t ion : 
If KAISL > 1 
NSL(l) = J-NBAY 
If KAISL < NAISLE 
NS L (2) = J+N BA Y 
If KBAY > 1 
NSL(3) = J-l 
If KBA Y < N BA Y 
NSL(4) = J+l 
6) Given: Space frame joint number, J 
Required: The neighboring joints, JT(K), which are numbered as shown in 
1=" A ?(1"4) J ! go, it ..... ~ • 
Determination: 
If LATFNO > 1 
JT(1) = J-l 
If LATFNO < NBP 
JT (2) = J+l 
If LFNO > 1 
JT(3) = J-NBP 
If LFNO < NAP 
JT (4) = J+NBP 
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7) Given: Space frame joint number, J 
Required: The four adjacent slabs, NSLB(K). The numbering of the slabs 
adjacent to joint J is shown in Fig.A.2(e),. 
De term ina t ion: 
If LATFNO > 1 and LFNO > 1 
NSLB (1) = (LFNO-2)i'(NBAY+LATFNO-l 
If LATFNO > 1 and LFNO < NAP 
NS LB (2) = (LFNO-l) i'(NBA Y+LATFNO- 1 
If lATFNO < NBP and LFNO > 1 
NS LB (3) = (LFNO-2) 'kNBAY+LATFNO 
If LATFNO < NBP and LFNO < NAP 
NS LB (4) = (LFNO-1 ) i'--N BAY+ LA TFNO 
8) Given: Slab number, J 
Required: The four frames, KFRAME(K), bordering the sides of Slab J. 
The numbering of the frames for an individ~al slab is as shown 
in.Fig. A.2(f). 
Program Segment: 
C LONGITUDINAL FRAMES 
KFRAME(l) = (J-1)/NBAY+1 
KFRAME (2) = KFRAME (1 )+1 
C LATERAL FRAMES 
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KFRAME (3) = J- (KFRAME (1) -1 ) "'-NBAY 
KFRAME(4) = KFRAME(3)+1 
Ao3 Topological Relations for Plane Frames 
1) Given: Plane frame joint number~ J 
Regui red: Space frame member numbers, MEMS (K), of the 'plane frame' 
members framing into the joint. The sequence in which, the 
members are considered is shown in Fig. A.3(a). 
Determination: 
a) Long i tud ina 1 Frames (LFNO) 
MEMS (3) = NG+ (LFNO-l ) "',NBP+J 
If J > 1 
MEMB(l) = (LFNO-l)"',NBAY+J-l 
If J < NBP 
MEMB (2) = (LFNO~ 1) ''''NSAY+J 
If I > 1 
MEMB (4) = MEMB (3) 
b) Lateral Frames (LATFNO) 
MEMS (3) = NG+ (J-l ) 'kNBP+LATFNO 
If J > 1 
MEMS(l) = NLONG+(LATFNO-l)*NAISLE+J-l 
If J < NAP 
HEMS (2) = NLONG+(LATFNO-l ) "',NAISLE+J 
If I > 1 
MEMB(4) = MEMB(3) 
2) Given: Plane frame girder number, J 
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Required: The corresponding space frame girder number, MNO. 
Program Segment: 
a) Longitudinal Frames 
MNO = (LFNO-l) -;',N SA Y+J 
b) Lateral Frames 
MNO = NLONG+(LATFNO-I)*NAISLE+J 
3) Given: Plane frame girder number, J 
Reg u ired: The two adj acen t slabs, NS L (K) . The numbe ring of the slabs 
adjacent to girder J is as shown in Fig. A.3(b). 
De term ina t i on : 
a) Longitudinal Frames 
If LFNO > 1 
NS L (1) = (LFNO-2) ,',NSA Y+J 
If LFNO < NAP 
NS L (2) = (LFNO-l) ,',NBAY+J 
b) Lateral Frames 
If LATFNO > 1 
NSL(l) = (J-.l)'kNBAY+LATFNO-l. 
If LATFNO <NBP 
NSL (2) = (J-l) ,'-NBAY+LATFNO 
4) Given: Plane frame joint number, J 
.Required: The four adjacent slabs, NSLB(K). The numbering of the 
slabs adjacent to joint J is shown in Fig. A.3(c). 
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Determination: 
a) Longitudinal Frames 
If J > 1 and LFNO > 1 
NSLB(1) = (LFNO-2)'kNBAY+J-l 
If J > 1 and LFNO < NAP 
NSLB (2) = (LFNO-l) "i',NBAY+J-l 
If J < NBP and LFNO > 1 
NSLB(3) = (LFNO-2)"i',NBAY+J 
IfJ < NBP and LFNO < NAP 
NSLB(4) = (LFNO-l)"i'--NBAY+J 
b) Lateral Frames 
If J > 1 and LATFNO > 1 
NSLB (1) = (J-2)"i',NBAY+LATFNO-1 
If J > 1 and LATFNO < NBP 
NSLB (2) = (J-2)"i',NBAY+LATFNO 
If J < NAP and LATFNO > 1 
NSLB(3) = (J-l)*NBAY+LATFNO-l 
If J < NAP and LATFNO < NBP 
NSLB(4) = (J-1)"i',NBAY+LATFNO 
Joint 
G) 
25 
194 
Lateral [~ [4J 
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(a) Space 
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'r 
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Long i tudi na 1 
frame (l) 
(b) Plane Frames (Longitudinal or Lateral) 
FIG. A. 1 INTERNAL NUMBERING OF THE ELEMENTS OF A TYPICAL STORY 
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2 ® 
J 
LBEAM 
(a) Numbering of joints and girders 
of slab J 
(c) Numbering of slabs adjacent 
to slab J 
(e) Numbering of slabs adjacent 
to j 0 1 n t J 
(b) Numbejing of members 
framing into space frame 
joint J 
(d) Numbering of joints 
adjacent to joint J 
CD 
Slab J 
KFRAME CD 
(f) Numbering of frames 
bordering slab J 
FIGe A.2 NUMBERING FOR SPACE FRAME TOPOLOGICAL RELATIONS 
MEMB CD 
(a) Numbering of members 
framing into plane frame 
joint J 
/ 
(i) Longitudinal frames 
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(i) Long OJ tu dina 1 
frames 
(i i) Lateral frames 
(b) Numbering of slabs adjacent to 
g i rde r J 
I 
(ii) Lateral frames 
(c) Numbe r i Ifgof slabs adj acent to joint J 
FIG. A.3 NUMBERING FOR PLANE FRAME TOPOLOGICAL RELATIONS 
APPENDIX 8 
DESCRIPTION OF INPUT DATA 
B.l Introduction. 
The input data to the program are described below. The numeric 
control flags used to direct the program are described first. The 
remaining data are divided into blocks associated with the control state-
ments described in Chapter 5. For the member group, loading and loading 
combination data, examples using problem-oriented statements are given 
for clarity. The equivalent numeric codes presently used are also given. 
B.2 Numeric Control Flags 
FORTRAN 
Name 
KFLAG = 
= 
= 
= 
KDES = 
= 2 
LATLD = 0 
= 1 
IUSD = 0 
= 
2 
3 
4 
Interpretat ion 
A new structur~ is being started. 
A modification in the data has to be made. 
Design or check' the structure, depending 
upon the val~e of KDES. 
Compute the material quantities for the 
s t ruc tu re. 
The system is being ap~l ied to design. 
The system is being appl ied to checking. 
The structure is not subject to lateral 
loads. 
The structure is subject to lateral loads. 
Design or Check by working stress method. 
Design or check by ultimate strength method. 
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FORTRAN 
Name 
When KDES = 
on 1 y: 
KOUTPT = 0 
= 
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Interpretat ion 
Punched output for transmission to 
checker is not required. 
Punched output for transmission to 
checker is required. 
B.3 Data Associated with Control Words 
B • 3 e 1 Geometry 
FORTRAN 
Name 
NBAY 
NA1SLE 
NSTORY 
BW (I) 
AW (I) 
SH (I) 
B.3.2 Constants 
FORTRAN 
Name 
FCPR 
FCA 
FY 
FSA 
RMOD 
P01SS 
UWC 
STCOV 
Explanation 
Number of bays 
Number of aisles 
Number of star i es 
Width of bay I, ft. 
Width of aisle I, ft. 
Height of story I, ft. 
Explanation 
Compressive strength of concrete, psi. 
Allowable stress in concrete, psi. 
Yield strength of reinforcing steel, psie 
Allowable stress in reinforcing steel, psi. 
Modular ratio, E IE . 
s c 
Poisson's ratio for concrete. 
Un i t we i 9 h t 0 f con c ret e , 1 b s • I cu. ft. 
Clear cover for top steel in slabs, in. 
B.3.3 
FORTRAN 
Name 
SBCOV 
CCOV 
BPSR 
TPSR 
TRSP 
Analysis Data 
FORTRAN 
Name 
LTYPE 
NALT 
For plane frame 
analysis only: 
NLONGF 
NLATF 
LFR(I) 
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Explanation 
Clear cover for bottom steel in slabs, in. 
C 1 ea r cove r fo r long i tu dina 1 s tee 1 in· 
co 1 umn s , in. 
Minimum allowable steel percentage for 
columns. 
Maximum allowable steel perc~ntage for columns. 
Trial steel percentage for columns. 
Exp J anat ion 
= 1, for space frame analysis. 
= 2, for plane frame analysis. 
Analysis alternative. 
Number.of longitudinal frames to be analyzed~ 
Number of lateral frames to be analyzed. 
Frame numbers of longitudinal and lateral 
frames to be analyzed. 
B.3.4 Groups 
a) Problem-Oriented Statements: 
SLAB GROUPS 
GROUPS OF FIXED DEPTH 
GROUP DEPTH 8 IN. 
FLOOR SLABS l, 5 
FLOOR 2 SLABS 5, 6 
GROUPS OF SAME DEPTH OR IDENTICAL SLABS 
GROUP SAME DEPTH 
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FLOOR 1 SLABS 2, 3 
GROUP 2 SAME DEPTH 
FLOOR 2 SLABS 2, 3 
GROUP 3 IDENTICAL 
FLOOR 1 SLABS 2, 4 
FLOOR 4 SLABS 2, 4 
COLUMN GROUPS 
PREASSIGNED GROUPS 
GROUP EQUAL DIMENSIONS SIDE DIMENSION 20 IN. 
STORY COLUMNS 1, 3, 7, 9 
STORY 2 COLUMNS 1, 3, 7, 9 
GROUP 2 IDENTICAL SIDE DIMENSION 22 IN. 
----- ---- --- --- - - --- - -- - - --- ---- -----
--------~---- - ------ -- ~ - - - ----- - - - -- - -- ----- - - -- ---- . __ ._ ..•.... _--_ ... ---_._._. __ ._ .... _ .. __ .... -
STORY 2 COLUMNS 1, 2, 4, 9 
PROGRAM SELECTED GROUPS 
EQUAL DIMENSIONS 
COLUMNS BETWEEN 350 AND 420 SQ. IN. 
COLUMNS BETWEEN 421 AND 470 SQ. IN. 
IDENTICAL 
COLUMNS BETWEEN 200 AND 260 SQ. IN. 
SIDE DIMENSION OF OTHER COLUMNS 18 INo 
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b) Dictionary for Transition from Problem=Oriented 
Statements to Numeric Input Code: 
i) Slab Groups 
Problem-Oriented Statement 
GROUPS OF FIXED DEPTH 
GROUPS OF SAME DEPTH OR 
I DENTI CAL SLABS 
SAME DEPTH 
IDENTICAL 
ii) Column Groups 
Problem-Oriented Statement 
PREASSIGNED GROUPS 
PROGRAM SELECTED GROUPS 
IDENTICAL 
c) Numeric code in present version: 
Problem-Oriented Words 
SLAB GROUPS 
COLUMN GROUPS 
GROUPS OF CATEGORY 
GROUP 
TYP Ear DEPTH 
FLOOR 0 r STORY 
SLABS or COLUMNS 
COLUMNS BETWEEN 
AND 
SIDE DIMENSION 
SIDE DIMENSION OF OTHER COLUMNS 
Equivalent Statement 
GROUPS OF CATEGORY 1 
GROUPS Of CATEGORY 2 
TYPE 1 
TYPE 2 
Equivalent Statement 
GROUPS OF CATEGORY 1 
GROUPS OF CATEGORY 2 
TYPE 1 
TYPE 2 
Numeric Code 
800 
801 
802 
803 
804 
805 
806 
807 
808 
809 
810 
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B.3.5 Loads 
a) Problem-Oriented Statements: 
?', 
.'. 
SUPERIMPOSED DEAD LOAD" 
FLOOR 
PANEL 0.10 
PANEL 3 0.12 
j;:LOOR 2 
PANEL 0.12 
JOINT LOADS 
STORY 1 
JOINT 1 FORCE X 10.0 
JOINT 3 MOMENT Y 4090 
The format for 1 ive loads and arbitrary fixed 
panel loads is exactly the same. 
b) Dictionarv for load types: 
Problem-Oriented Statement Numer i c Code 
SUP E RIM PO SED DEAD LOAD 
LIVE LOAD 2 
ARBITRARY FIXED PANEL LOADS 3 
JOINT LOADS 4 
c) Numeric code in ~resent version: 
Problem-Oriented Word Numer i c Code 
FLOOR J or STORY J lOO+J 
PANEL J 200+J 
JOINT J 300+J 
FORCE or MOMENT ,,;', 
-;', 
The joint load directions FORCE X, FORCE Y, FORCE Z, 
MOMENT X, MOMENT Y and MOMENT Z are denoted by codes 
1 through 6. 
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8e3.6 Load Combinations 
a) Problem-Oriented Statements: 
COMBINATION 
LOADING FACTOR lGO 
LOADING 3 FACTOR 0.75 
LOADING 2 REVERSIBLE FACTOR 0.9 OR LOADING .5 
COMBINATION 2 
LOADING 1 FACTOR 0075 
LOADING 2 REVERSIBLE FACTOR 1.0 
LOADING 4 FACTOR 0.9 OR LOADING 5 FACTOR 'j Q (} 
b) Numeric code in present version: 
i', 
Problem-Oriented Word 
COMBINATION 
LOADING 
FACTOR 
OR 
REVERSIBLE 
Numerk Co£.£ 
900 
901 
902 
903 
Reversible loadings are denoted by a negative 
loading number. 
LIST OF REFERENCES 
1. (IACI Building Code Requirements for Reinforced Concrete CAel 31.8~ 
63),'1 American Concrete Institute, June J963. 
2. Bresier, Boris, (IDesign 'Criteria for Reinforced Concrete Columns 
Under Axial Load and Biaxial Bending,l) ACI Journal, Nov. 1960, 
Proceedings, Vol. 57, pg. 481e 
3. Clough, R. W., Wilson, E. L .. , and King, I. P., "Large Capacity 
Multistory Frame Analysis Programs,11 Journal of the Structural 
Division, ASCE,- VoL 89, Noo ST4, Part 1, August 1963. 
4. Ferguson, Po M., Reinforced Concrete Fundamentals, John Wiley & Sons, 
Inc., New York, Oct. 1963$ 
5. Fenves, S. J., Computer Methods in Civil Engineering, Prentice-Hall, 
Englewood Cl iffs, N. J., 1967. 
6. Hill, Louis A., Jr., l'Automated Optimum Cost Building Design,11 
Journal of the Structural Division, ASCE, Vol. 92, No~ ST6, Dec. 
1966. 
7. Mel in, John W., "POST: Problem-Oriented Subroutine Translator,'1 
Journal of the Structural Division, ASCE, Vol. 92, No. ST6, Dec. 
1966. 
8. Weaver, William, Jr., and Nelson, Mark F., "Three-Dimensional 
Analysis of ri"er Buildings," Journal of the Structural Division, 
ASCE, Vol. 92, No. ST6, Dec. 1966. 
204 
Distribution li§t for Technic~1 Reports I~sued Under 
Contr~ct Nonr 1834 (03), Project NR-064-183 Rev. 
Dec,. i 965 
PART I - GOVERNMENT 
AdministratIve & liaison Activities 
ief of Naval Re$e~reh 
ATTN: Code 423 
439 
468 
Oepart~nt of the Navy 
Washington, De C. 20)60 
Commanding Officer 
ONR Branch Office 
495 Summer Street 
Boston, Massachusetts 02210 
Commanding Officer 
ONR Branch Office 
219 S. Dearborn Street 
Chicago, IiI inois 60604 
COMm~ndlng Officer 
ONR Br~nch Office 
Box 39, Navy 100 
c/o fJe~t Post Office 
New York, NeW York 09510 
Commanding Officer 
OHR Branch Office 
201 Welt 24th Street 
New York, New York loon 
Commcllndi reg 0 f f i ce r 
ONR Branch Office 
)030 Ea Green Street 
Pas~dena~ Cal ifornla 91101 
Commanding Officer 
ONR Branch Office 
u.s. POlt Office £ Court; 81dge 
1076 HiSlion Street 
San Francisco, Cal Ifornl~ 94103 
U9S. Naval Research L&bor~tory 
ATTN: T~chnical Inforu.tion DIVe 
(2) 
Washington, De C. 20390 (6) 
Defense Documentat ion C(imter 
Cameron Station 
Alex~ndrl~p Virginia 22314 (20) 
July 1967 
Army 
C~~ndlng Officer 
UoS. Army Rese~rch Off~ $ Durham 
ATTN: Hr. Je J. Murray 
CRO""M-IP 
Box eM, Duke Station 
Durh.~$ North C~rol ina 27106 
C~ndin9 Officer 
AMXMR ... ATl 
U.S. Army Materials Reso Agency 
Wat~rtown~ Massachusetts 02172 
Redston@ Scientific Info. Center 
·Chlef, Docu~nt Section 
U~So Army Missile Command 
Reds ton. Arsena 1, Alabama 35809 
Ballistic Res. laboratories 
A Tnt : Dr.. A fJ S. E J de r 
Aberd~en Proving Ground 
Ab.rd.Gn, Maryland 21005 
8~111~tic Res. Laboratoriel 
ATTN: "Fo H. P. Gay 
N'lXBft-ID 
Ab.rdeon Proving Ground 
Ab.rde.n, Maryland 21005 
Technical library 
Aberdeen Proving Ground 
Aberdeen, Maryland 21005 
MiMI .... gUtP 
ATTN: MFe 1. He Duerr 
Redstone Arlena1 9 Al~b~m~ 35809 
C~nding Officer and Director 
ATTN: Code 042 (Cent. libo Bre) 
050 
700 (Struct. Meche Labe) 
120 
725 
]40 (Mr .. W. J. Sette) 
90) (Dr. M. Straslberg) 
941 (Dr .. fl. Liebowitz) 
945 (;; r.. A. 0.. Sykes) 
·960 (Hre E. fo Noonan) 
962 (Dr. E. Buchm~nn) 
David Taylor Hodel B~$in Walhln~tonJ D.Co 2000] 
Undersea E~ploston Res. Div. 
ATTN: Hr. D. s. Cohen 
Code 780 
David Taylor Model Basin 
Norfolk Naval Shipyard 
Portsmouth, Virginia 23709 
Commanding Officer & Director 
Code 257, Library 
U.So Navy Marine Engineer labe 
Annapoi i$~ MaryJand 21402 
Commander 
Technical library 
u.S. Naval Ordnance Test Station 
Pasadena Annex 
3202 E. Foothill Blvd. 
Pasadena. California 91107 
u.s. Naval Ordnance Test Station 
ATTN: Dro Arnold Adieoff 
Code 5056 
China Lake, Cal ifornia 93557 
Commander 
UoSe Naval Ordnance Te!tStation 
Mechanical Engineering Division 
Code 556 
China lake, California 93551 
Commanding Officer' Director 
U.S. Naval Civil Eng. Laba 
Code 131 
Port Huen~, California. 93041 
Shipyard Technical library 
Code 242L 
PortsMOuth Naval Shipyard 
Portsmouth, New Hampshire 
Hr. Ernest A. Hagge 
Head, Scientific Support Div. 
U.S. Navy Mine Defense laboratory 
Panama City, Florida 32402 
u.S. Nava) Electronics laboratory 
ATTN: Dr. R. J. Christensen 
San Diego, Cal iforni. 92152 
u.s. Naval Ordnance laboratory 
Mechanics Division 
RF;D 1 ~ Wh i te Oa k 
Silver Spring, Maryland 20910 
U.s. Naval Ordnance laboratory 
ATTN: Mr. H. A. Perry, Jr. 
Non-Meta) lie Materials Division 
Silver Spring, Maryland 20910 
Supervisor of Shipbuilding 
U.s. Navy 
Newport News, Virginia 23607 
Shipyard Technical library 
Building ]46, Code 303Tl 
Hare Is1and Naval Shipyard 
VaJlejo, California 94592 
Director 
U.S. Navy Underwater Sound Ref. lab. 
Office of Naval Research 
P. 0 .. 80x 8337 
Orlando, FJorida 32806 
Technical Library 
U.s. Naval Propellant Plant 
Indian Head, Maryland 20640 
u.s. Naval Propellant Plant 
ATTN: Or. J. Go Tuona 
Research ~ Development Division 
Indian Head. Maryland 20640 
Mr~ Garet A. Bornstein 
U • S ..Navlll P rope' Jan t Plant 
IndIan Head, Maryland 20640 
Chief of Naval Operations 
ATTN: Code Op-03EG 
Op-O]T 
Department of the Navy 
Washington. D. C. 20350 
Director. Special Projects 
ATTN: Sp-CO) 
43 
2731 
Department of the Navy 
Washington, De C. 20360 
Executive Secretary PlRRD 
Special Projects Office (Sp-00110) 
Department of the Navy 
Washington, D. C. 20)60 
u.S. Naval Appl led Science lab •. 
Code 9832 
TechnIcal Library 
Building 291., Naval Base 
Brooklyn, Hew York 11251 
2 
Director 
Aeronautical Materiais lab. 
Naval Air Engineering Center 
Naval Base 
PhjladeTphia~ Pennsylvania 19112 
Director 
ATTN: Code 5360 
5500 
6200 
62JO 
6250 
6260 
Technical library 
Naval Research laboratory 
WashIngton, D. C. 20390 
Chief, Bureau of Nava1 Weapons 
ATTN: Code DLI-] 
R-12 
AAAO-2 
RAAD-24 (Hra E. M. Ryan) 
RM 
RHMP"'2 
RMMp ... 11 (Mr" Ie Silver) 
RHHP-22 (Mr. J. C. Ardinger) 
RR 
RRRE 
IUU'tE .... 61 (Mr. We J" Marciniak) 
RU 
Department of the Navy 
Washington, D. C. 20360 
Chief, Bureau of Ships 
ATTN: Code 210-l 
305 
345 
421 
423 
430 
440 
442 
443 
1500 
Department of the Navy 
Washington, De Ce '20360 
C~nder 
u.s. Naval Weapons laboratory 
Da~1gren, Virginia 22448 
Bureau of Yards ~ Docks Tech. lib. 
Yards , Docks Annex 
Department of the Navy 
Washington, O. C. 20390 
Air Force 
COa1\mande r II WADI) 
A TIN: Code WRMDD 
AFFDL (FODS) 
Structures Division 
AFlC (HCEEA) 
Code WWRMOS 
AfFDL (FOT) 
Code WWRC 
AFML (HAM) 
Code WClSY 
SEG (SEFSO, Mr. larkin) 
Wright-Patterson Air Force Base 
Dayton, Ohio 45433 
Commander 
Chief, Appl led Mech~nic$ Group 
U.S. Air Force Inste of recno 
Wrlght"'P~tterson Air force Sa,Sf! 
Dayton, Ohio 45433 
Chief, Civil Engineering Branch 
WlRC, Research Division 
Air Force Weapons laboratory 
Kirtland AFB, New Mexico 8]117 
Commander 
AFRPL (RPHC/Dr. F. H. Kelley) 
Edwards AFB, California 93523 
C~nd~r 
ATTN: Mr. A. 1.0 Skinner, OOHQQC 
Hill AFB, Utah 84401 
C~an'der 
Mechanics Division 
Air Force Office of Selene Res. 
Washington, Do C. 20333 
Structures Research Division 
ATTN: Mr. R. R. Heldenfels, Chief 
National Aeronautics & Spac Admin. 
langley Research Center 
Langley Station 
Hampton, Virglnl~ 23365 
N~tional Aeronautics' Space Adminc 
Code RV-2 
Washington, Do C. 20546 
3 
Nltion~l AerOAautics ~ Space Ad~in. 
Associate Administrator for 
Adv~nced Research' Tecnnoiogy 
W~$hington, D. Co 20546 
Scientific. Tech. Infoo Factl ity 
NASA Representative (S-AKlDl) 
P.O. Box 5]00 
Bethesda, Maryland 20014 
Other Govern~nt Activities 
C~and~mt 
Ch1ef, Telting ~ Dev~lopment DI~. 
tLS~ Coast Guard 
1300 E Street, N.W. 
Wlshington, D. C. 20226 
Director 
H~rJne Corps landing Force Dev~ tenter 
Marine Corps Schools 
Quantico, Vlrgtni~ 22134 
Director 
ATTN: Hr. Sa lo Wilson 
N@!Dtiorull Bureau of St.ndards 
W.lhingtOft~ D. Co 20234 
Natlon~1 Science Foundation 
Engineering Division 
19S1 Constitution Avenue, H.W. 
Washington, D. Co 20550 
Science. Tech. Division 
library of Congress 
Washington, D. C. 20540 
D I rector 
STBS 
Def.n~e Atomic Support Agency 
Washlngtonp De C. 20301 
C~ander Field Command 
Def.nse Atomic Support Agency 
Sandia Base 
Albuquerque, New Hex.lco 
Chief, Defense Atomic Support Agency 
Bl_it , Shock Division 
The Pentlltgon 
Washington, D. C. 20301 
Director ~fenle Research, Engr. 
Technlca1 Library Room 3C-128 
The Pentllgon 
Washington, D. C. 20301 
Chief, Airframe. Equipment Branch 
FS .... 120 
Office of Fl ight Standard§ 
Federal Aviation Agency 
Washington, D. C. 20553 
Chief~ Division of Ship Design 
M~ritl~ Administration 
Washington, De C. 20235 
4 
Deputy Chief, Office of Ship Constr. 
ATTN: Hr. Us 19 Ruslo 
Maritime A~iniltration 
Wa$hin9ton~ D. C. 20235 
Executive Secretary 
C~lttee on Undersea Warefare 
Natlon~J Academy of Science 
2101 Constitution Av~nue 
W.lhfngton~ D. CQ 20418 
Ship Hull RfBsearch C0R8lttee 
ATTN: Mr. A. Ro lytle 
N~tionaJ Research Council 
National Ac~demy of Sciences 
2101 Constitution Avenue 
Walhlngton, Do Co 20418 
PART II - CONTRACTORS AND OTHER 
TECHNICAL COLLABORATORS 
Dr. Do C& Drucker 
Division of Engineering 
Br~ Unlvsrllty 
Providence, Rhode Island 02912 
Prof~ Ms E. Gurtin 
Brown University 
Providence, Rhode Is1and 02912 
Proto R. S. Rivlin 
DiVa of AppliedHathe~ticl 
Brown University 
Providence, Rhoti. Isl!Dnd 02'12 
Prof. N. M. Ne~rk 
Department of Civil Eng. 
University of 111 inois 
Urbana, Illinois 61801 
Prof. Juliul Hiklowitz 
Div. of Eng •• Applied Sciences 
California Institute of Tech .. 
Paladena, California 91109 
\ 
Sol id Rocket Structural Int~grity 
Information Center 
Col ie9~ of Eng i n~~r i n9 
University of Utah 
Salt Lake City, Utah 84112 
ATTN: Prafe R. W~gner 
Prof~ El @ Sternb~rg 
Divo of Eng •• Applied Sciences 
California Institute of TechG 
Pasadena, Californi~ 91109 
Prof. P~ul M. N~ghdi 
Dlv. of AppJ led M~ch~nicj 
Etchev~rry Ha i 1 
University of Ca'ifornia 
Berke!ey, California 94720 
Prof. JQ Baitrukonis 
Mech~nicl Division 
The Clthol ic Univ~ of A.merlc~ 
W~shin9tonj D. C. 2001] 
Prof" A. J. Oure 1 i i 
Mechanics Divilion 
The CatheY Ie Univ. of ~rici 
Washington, 00 CQ 2001] 
Prof. He H. Il.ich 
Dep~rtment of Civil Engineering 
t61umbtl University 
Amiterd~ £ 120th Str •• t 
New York, New York 10021 
Prof .. R. D. Mindl In 
Dept. of Civil Engin~ring 
Columbia University 
So W. Mudd BuIlding 
New York, New York 10027 
Prof. Be Ao Boley 
Dept. of Civil Engin~~ring 
Columbia University 
Am5t~rd~ & 120th Str~~t 
New York, New York 10027 
Prof. F~ l. DiMaggio 
Dept. of Civil Engineering 
Columbia University 
616 Mudd Building 
New York, New York )002] 
Profo Ae.M. Fr~udenthal 
Dept. of Civil Eng. £ Eng. "echo 
CoJumbi~ University 
New York, New York 10027 
5 
Prof. Wil1iam A. Nesh 
Dept& of Engineering Mech~nical Eng. 
University Massachusetts 
Amhers t, ; Massachuset ts ·01002 
Prof. Bo Sudiansky 
Div~ of £ngo & Appl led Physics 
p i ~ ree Hill I 
rd University 
C.mbridg§; Mllssachusetts 02138 
Prof. P. G~ Hodge 
D~p~rtment of Mechanics 
Il1fnoil Institute of Technology 
Chlc~go; I1J ino!! 60616 
Profe H. T. Corten 
University of Illinois 
Urbana. 111 inois 61801 
Dr .. W .. H .. Avery 
Appll~d Physics laboratory 
Johns Hopkins University 
8621 Georgia Avenue 
SIJv*r Spring, Maryland 20910 
Prof. J. 80 Tledemlnn 
Depto of Aero .. Engs • Arch .. 
Univ~rlJty of Kansli 
l~r.nc., Kansis 66045 
'ro'. S. Taira 
Dept. of Engineering 
Kyoto University 
Kyoto, Japan 
frofm G.ofge 5th 
Dlp.rt~nt of Hech~nics 
l.hlgh UnivGrsity 
eethlG~, Pennlylvani~ 18015 
Prof. E. Reissner 
Dept. of Matnel'Nlt Ic!! 
Mall~chulettl Insto of Technology 
Cambfid9~, M~$I~chusett$ 02139 
Prof. J~I M~r 
Depto of Aeron§utics , Astronautics 
Hassacnul8tts Inst. of Technology 
C~ridg~J Hal$~chusetts 02139 
library (Code 0384) 
U" S .. Nil VII 1 Postgraduate School 
Honterrey~ C~i ifornia 93940 
Prof. W ~ J .. Ha 11 
University of Illinois 
Urbana, Illinois 61801 
Ore Joseph Marin 
Depto of Materials Sec • C~~4 
U .. So N~v~l Postg School 
Monterey, California 93940 
Prof" Eo lo Reh~$ 
Courant Inste of H~the Sci~nces 
New York Un i vefS i ty 
4 Wash i ngto'n PI ac~ 
New York, N~~ York J0003 
Or" Francis CozzareJl1 
Div. of Interdiseiplin~ry StudJ@J 
ilnd Resea ren 
School of Engineering 
St~te Univa of New York at Buffalo 
~ •• $$..,,1.... I!A~ \/ .... ""L. lL".HL 
1odI'Io/I' '\IlIUVlI n=- 'ViII'>. v.tf.1J'" 
Dr. Georg€! ~rrmaru, 
The Technologic~l Inititut~ 
Northwestern University 
Evanston, Illinois 60201 
Director, Ordnance Rese.rch lab. 
The Penn5ylvanl~ State University 
Po 0 a 80l( 30 
State Col1eg~v Pennsy1vanl~ 16801 
Profo Eugene Jo Skudrzyk 
Depart~nt of Ph1~ics 
Ordnance Re$e~rch laboratory 
Pennsylv~nia State Univ@rslty 
Po 00 Box 30 
State College, Pennsylvania 1680) 
Dr. Y. We i tsman 
Engineering Mechanics Dept. 
The Pennsylvania St~te Univ.rli~y 
105 Hammond Building 
University Park, Pennsylvani~ 16802 
De~n Oscar 8agulo 
College of Engineering 
Un I 'Ie rs i t y 0 f Ph ill pp i ne I 
Quezon City, Philippln@s 
Profo J. Kempner 
Dept. of Aeroc Eng .. 'Appfied"ech~ 
Polytechnic Institut~'of Brooklyn 
333 Jay Street 
Brookl,ynj N~ York 11201 
Prof= J. Kiosner 
,Polytechnic Institute of Brooklyn 
333 Jay Street 
Brooklyn, New York 11201 
Prof. F. R. Eirich 
Polytechnic Institute of Brooklyn 
333 StfHt 
Srooklyn~ York 11201 
A .. C .. Eringen 
School of A~roo, Astro. , Eng. See 
Un i \/1jJij r~'id ty 
L~fay.tteg Indiana 41907 
o IF 9 ,S.. lo koh 
School of Aero~, Astroe • Eng. Sc. 
Purdue UnJverslty 
l~f~y.tte» Indi~na 47907 
Prof. D. Schepery 
8 ..... ..&..._ 91_ f •• _ ...... f .e. •• IIYIUIi18 unuvwrllvv..y 
lafayette, Indlan~ 47907 
Pref. Ee H .. lee 
Div~ of Eng" Mechanics 
Stanford University 
St~nfordl California 94305 
Dr. Nicholas Jo Hoff 
Depte of Aero" ,Astra. 
Stanfor~ University 
Stanford$ California 94305 
'rof. J. Ho Goodier 
Dlv. of £"90 Kech~nfci 
St~nford Unlv.rslty 
Stanford 19 California 94305 
Prof. H.rkus Reiner 
Technion R~D Foundation, ltd. 
H4D J ,., 11 rH I 
Profe Tsuyoshi H.yalhi 
Dept. of Aeronautics 
Facy'ty of Eng i neer i 119 
Unlverllty of Tokyo 
KUNKYO-1Qj 
Tokyo, Jllp"n 
Prof. J. Edaond Fitzgerald 
6 
, ChaJ ~nll~p_t. 0 fC i viJEngi n~e rIng, 
University of Utah 
Salt L~ Clty® Utah 84112 
Prof. R. Jo H. Bollard 
Chalnaen, Asron~utlcal Eng. Dept. 
20] GuggenheiM Hall 
University of Washington 
Se~ttl~9 ~lhln9ton 98105 
Profo Albert s. Kob~yashi 
OeptQ of Mech~nical Eng" 
Univ~rsity of W~shington 
Seattle, Washington 98105 
Officer-in-Charge 
Post Graduate School for Naval Off .. 
Institut~ of 1 
Cresc~nt Be~ch Road, Glen Cove 
Long lsI New York 11542 
M r" K.. '1M,. B n Is, J r,. 
Dept" 4722, Bld9~ 0525 
Aerojet=GeneraJ Corporation 
P. 0 .. Bex 1947 
Sacrarnento 9 Cal ifornia 95809 
Dr~ J~mes H. Wiegand 
Senior Dept. 4720 D Bldg. 0525 
Ball istics 'Hech. Properties l~bQ 
Aerojet-Gener~l Corporation 
Sacramento, Cal ifornia 9Sa09 
Dr. John licke) 
Depto 4650, Bldg. 0227 
Aeroj et-Genertll Corporat ion 
p~ o~ Box 1947 
S~cramento~ Cal ifornia 95809 
Mr .. J" S" Wise 
Aerospace Corporation 
P .. o. Box 1)08 
San Bern~dino, CaJ ifornia 92402 
Dr. Vito S~lerno 
Applied Teeha Assoeo J Inc~ 
29 Church Street 
Ramsey, New Jersey 07446 
library Services ~partment 
Report Section, BJdgo 14-14 
Argonne Nation~i l~boratory 
9700 South tass Avenu~ 
Argonne, 111 inois 
Dr" E~ "'M ,,-K,e rW in 
Bolt, Ber~nekJ 'Newm~nl/ InCa 
50 -Houlton Street 
Cambridge, Hass~chusett5 02138 
Dr" M. C" Junger 
Cambr 1 dge Acoys t i ca 1 AssnG 
129 Hount Auburn Street 
Cambridge, Massachusetts 02138 
Oro Fa R. Schwarzl 
Central labor~tory T.NoD. 
134 JYlian~'l;l(liln 
Delft¥ Hoiland 
Mia Ronald D. Brown 
App) led Physics Laboratory 
ic~l Propulsion 
8621 Georgi~ Avenue 
Silver Sprin9~ Maryland 20910 
Research and Development 
Electric Boat Division 
Genera1 Dyn~mic$ Corpor~tion 
Groton$ Connecticut 06340 
Mr. Ross Hw Petty 
Technical librarian 
Allegany Ball isties labo 
Hercules Powder Company 
P. 0" Box 2H) 
Cumberi~nd, Maryland 21501 
Dr. H .. Th~cher 
Allegany B~11istics Lab. 
Hercu1es Powder Company 
CUfflberi~ndj Hary1~nd 21501 
Dr$ Joshu~ E. Greenspon 
Jo G. Engo Rese~rch Associates 
3831 Henlo Drive 
Balti~re, Maryland 2J215 
Hr. R. f. Lande! 
Jet Propulsion laboratory 
4800 Oak Grove Drive 
Pasadena, Cal ifornia 91103 
Hr. G" lewis 
Jet Propulsion laboratory 
4800 Oak Grove Drive 
Pasaden., California 91103 
Dr. G. Ru Makepeace 
Director, Rese~rch & Engineering 
lockhe~d Propu1sion Co~ 
Po O. Box n 1 
Redllind5, Ca I rf6"h ra92374 
Librjjry 
Newport News Shipbuiidina ~nd 
Dry Dock Company 
Newport Newss Virginia 23607 
7 
Mr= Eo A. Alex~~der 
Rocketdyne Dhd~ ion 
i lit i ~'if~ il 
Mr" CeZ@lf' Pi> 
ty C~~i$$ 
l]ippine Atomic Ene 
Mardiil~ iJippine~ 
Or $ To C .. Fan 
Rand torpor~t ion 
.H~ inS treet 
S~nta Monlc~~ Ca)~ rni~ 90406 
~1 r. S" C " B r i t too 
So! id t Divisson 
P .. (L Box 548 
McGregor, Tex~1 76657 
Dr~ A~ Js k~ 
R~dstone Ars~n~1 R~$" DivQ 
Rohm • Haas Comp~nv 
HuntsvJ1J~~ 35801 
DrQ M,. l .. Merritt 
Division 5412 
S~ndia Corpor~tion 
Sandi;i Ba~e 
Albuquerque$ scc IS 
Director Ship Res~arch Inltitute 
Ministry of Tr~n$port~ticn 
700, 
tat I t~k.; 
10k-yoll J€ilpan 
Dr. Ii B ~L 11"_100 
Soutm~st Re~ellreh Inst § tut~ 
8,00 Cylebr~ Road 
S.;n tonic, Texas 18206 
Dr<l> R. COl DeH~rt 
Southwest Re$~~rch In~tlt~te 
8500 Culebra Ro~d 
San Antonio J Texas 78206 
Dr., Thor S~ith 
Stanford Rese~rch Inltltut8 
Menlo P~rk, California 94025 
Or. M" L,,, Baron 
Paul Weidlinger, Coniultlng Engre 
777 Third Avenue _ 22nd Fleer 
New YorK p NeW York 10011 
8 
Su,.rvi.lor of ShipbuihUng, USN~ and 
Naval lnlpe of Ordn~nce 
EiG~trlc Division 
Dyn_ics Corporation 
Groton, Connecticut 06340 
Dre l, .. HQ Chen 
Ie 
EI~ctrlc 0 v sion 
Ge~~r~i Dy"~ies Corporation 
Groto~h Conntlct icut 06340 
Dr. \iJ. D. Pi 1 key 
liT Research institute 
10 West 35 Street 
Ch i caga, I 11 i no i s 60616 
Security Classification 
DOCUMENT CONTROL DATA - R&D 
rSt'C'urity classification of tit/e, body of abstract and indexing i1nnotaticJ11 must be entered wilen the overall report is cfils.'<ified) 
1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 
Illinois University, Urbana, Illinois 
Department of Civil Engineering 
3. REPORT TITLE 
Unclassified 
2b. GROUP 
A COMPUTER-AIDED SYSTEM FOR THE ANALYSIS, DESIGN AND CHECKING OF CONCRETE 
STRUCTURES. -
4. PESCRIPTIVE NOTES (Type of report and.inclusit·e dates) 
Progress; January 1966 - December 1967 
5. AU THO R(S) (First name, middle initial, fast name) 
Kinra, Ravindar K. 
Fenves, Steven J. 
6. REPORT DATE 
January, 1968 
Sa. CONTRACT OR GRANT NO. 
Nonr 1834(03) 
b. PROJECT NO. 
NR-064-183, Task 3 
7a. TOTAL NO. OF PAGES 
204 
9a. ORIGINATOR'S REPORT NUMBER(S) 
Structural Research Series 
No. SRS-33l 
c. 9b. OTHER REPORT NO(S) (Any other numbers that may be assigned 
thIS report) 
d. 
10. DISTRIBUTION STATEMENT 
Qual ified requesters may obtain copies of this report from DDC. 
11. SUPPLEMENTARY NOTES 
13. ABST'RACT 
12.. SPONSORING MILITARY ACTIVITY 
Structural Mechanics Branch, Office 
of Naval Research, Department of 
the Navy 
A computer-aided system for the analysis, design and checking of 
flat plate reinforced concrete buildings is presented, which allows for the 
engineer1s participation at all the decision-making stages during the design 
process. The geometry of the structure is assumed to be regular, and the 
slabs are ideal ized as girders of one panel width each. The structure is 
analyzed either as a space frame or as a series of plane frames, and several 
levels of accuracy are included within the space and plane frame analyses. 
A general loading combination procedure is implemented and the members may 
be designed by either working stress or ultimate strength design methods in 
accordance with the ACI specifications. In addition, member groups may be 
specified and the structure may be designed on the basis of a partial analysis 
of the structure. The system is also appl icable to the checking of a designed 
structure and to the computation of material quantities. 
DO /N°o~M6514 73 (PAGE 1) Unclassified 
SIN 0101-807-6811 Security Classifica tion 
A-3140,g 
I 
J 
Securi ty etas sifica tion 
LIN K A LIN K B LINK C 
14. KEY WORDS 
RO L E WT ROLE WT ROLE WT 
Structural Analysis 
Structural Design 
Compute r P rog ramm i ng 
Reinforced Concrete 
Bu i 1 ding Codes 
Computer-aided Design 
I 
SIN 0101-807-6821 Security Classification A-31409 
